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ABSTRACT 
 
 
 
Human telomeric DNA is capable of forming four-stranded helical structures known as 
G-quadruplexes (qDNA), possible substrates of telomerase. Ligand-based stabilisation 
of telomeric qDNA is a possible method for probing telomerase activity. A small library 
of  berberine  derivatives was  tested for  binding  selectivity for  different  qDNA 
conformations  over double-stranded DNA  (dsDNA).  The qDNA  sequence, 22AG 
(d[AGGG(TTAGGG)3]), was subjected to different folding conditions to form a range 
of qDNA conformations. A tetramolecular qDNA structure, formed from four separate 
strands of 7GGT (d(TTAGGGT)), was also characterised. A dsDNA sequence, D1, 
(GGAAGGTCCAGAGAGG) (single-strand shown), was used to compare the binding 
selectivities of the berberine derivatives. Circular dichroism (CD) spectroscopy was used 
to determine the strand orientation (parallel, antiparallel etc.) and thermal stability of 
the nucleic acid  structures. Intramolecular  parallel, mixed  hybrid/antiparallel G- 
quadruplexes, and tetramolecular qDNA were formed in NH4+-containing solutions, 
allowing the DNA strand and ligand binding stoichiometry for these qDNA structures 
to be determined  using  electrospray ionisation  mass spectrometry (ESI-MS). Ion 
mobility  ESI-MS was also used to confirm  the presence of tetramolecular qDNA. 
Fluorescence resonance energy transfer (FRET) melting assays were used to determine 
the stability of antiparallel qDNA and hybrid qDNA formed in Na+- and K+-containing 
solutions, respectively. Docking  and  molecular  dynamics  (MD)  simulations  were 
completed for some of the ligand-qDNA complexes to interrogate possible modes of 
binding. 
 
Berberine derivatives with a 13-substitution had low affinities for dsDNA but bound to 
the qDNA structures with higher affinities. The alkyl-substituted derivatives, SST12 and 
SST26, and the aromatic-substituted  derivatives, SST16 and SST29, exhibited a higher 
binding  affinity for the tetramolecular qDNA  compared to the parallel and mixed 
hybrid/antiparallel intramolecular qDNA, as judged by ESI-MS. SST16 and SST26 
binding offered the greatest increase in thermal stability for the parallel intramolecular 
and tetramolecular qDNA. SST16 and SST26 binding conferred the greatest increase in 
thermal stability for the antiparallel and hybrid qDNA forms in comparison to SST12, 
vii 
 
 
 
SST29 and SST41 (the latter not substituted at position 13). MD simulations showed 
 
multiple  ligand  dissociation/association events for SST29 with  antiparallel qDNA, 
supporting  the thermal stability data and  suggesting a low  binding  affinity. The 
agreement between thermal stability data and MD simulations was further 
demonstrated with tetramolecular qDNA, with multiple dissociation/association events 
observed for SST41 or SST29, whereas SST16 remained bound to the qDNA. MD 
simulations showed SST26, SST29 and SST16 all remained bound to intramolecular 
parallel qDNA. 
 
A two-stranded qDNA (dimer), 12GGT (d(GGTTAG)2), and the complementary RNA 
sequence 12rCU (r(CUAACC)2), were used to examine the ability of the formation of 
qDNA dimer to impede the formation of a DNA/RNA hybrid duplex, a key interaction 
of telomerase RNA binding to telomeric DNA. The qDNA structure exhibited a lower 
thermal stability than the DNA/RNA hybrid duplex, and additions of RNA to the 
qDNA  structure resulted in the formation  of the DNA/RNA hybrid duplex. This 
equilibrium was followed by simultaneously detecting the qDNA and DNA/RNA hybrid 
duplex using ESI-MS. Addition  of SST29 selectively stabilised the qDNA, and this 
complex was maintained upon addition of RNA, impeding the formation of the 
DNA/RNA hybrid duplex. 
 
A DNA telomere model was constructed with the double-stranded Watson-Crick D1 
sequence linked to the 22AG sequence with  a 5-TT linker (D122AG, 5- 
GGAAGGTCCAGAGAGG-TT-AGGG(TTAGGG)3-3). CD spectroscopy was used to 
determine the thermal stability of the duplex and qDNA  regions of D122AG by 
monitoring ellipticity at different wavelengths as a function of temperature. The dsDNA 
region had a higher thermal stability than the qDNA region; however, qDNA stability 
was increased with the binding of SST16. 
 
Berberine derivatives selective for qDNA over dsDNA, such as SST16 and SST26, may 
be used as potential telomerase inhibitors which act as selective anti-cancer agents or as 
probes in understanding the biological role and mechanisms of telomerase and other 
telomeric proteins. 
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CHAPTER 1 
 
GENERAL INTRODUCTION 
 
 
 
 
 
1.1        General  introduction on nucleic acids 
 
Deoxyribonucleic acid (DNA) holds the genetic code for most living organisms. DNA is 
composed of two classes of heterocyclic bases: purines (adenine, A; guanine, G) and 
pyrimidines (cytosine, C; thymine, T), bound through an N-glycosidic bond to the 1ʹ- 
carbon of a 2ʹ-deoxyribose sugar. Comparatively, ribonucleic acids (RNA)  contain a 
ribose sugar with G, C and A as nucleotides and uracil (U), rather than T. A 
polynucleotide chain is formed  via a phosphodiester bond linking  two nucleotides 
between their 5ʹ and 3ʹ positions. Hydrogen bonding between bases can occur with the 
most common pairing being Watson-Crick base pairs (bp) of A • T and G • C (Figure 
1.1).1  This most common secondary structure of DNA was elucidated in 1953 by Watson 
and Crick.1  Alternate base pairing, known as Hoogsteen base pairing, is also possible, 
and is exhibited in G-quadruplexes and triplex DNA.2 To form duplex DNA (dsDNA), 
two complementary DNA strands interact through Watson-Crick base pairing with 
strands running  antiparallel to one another (Figure 1.1).  Rotation of the nucleotide 
around the N-glycosidic bond enables the formation of a range of secondary structures. 
 
 
 
 
 
 
 
 
 
 
 
1 
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Figure 1.1 Diagram of dsDNA showing Watson-Crick base pairing between thymine (blue) and adenine 
(yellow), and, guanine (red) and cytosine (orange), with hydrogen bonding depicted with dashed lines. 
Deoxyribose is coloured green with direction of DNA strands indicated by arrows. 
 
 
Figure 1.2 shows crystal structures of three forms of duplex DNA. B-DNA, the most 
common form of dsDNA, is a right-handed double-helix which forms major and minor 
grooves, with ~10 bp per helical turn (Figure 1.2b).1  Under dehydrated conditions, B- 
DNA can transition into A-DNA, which has compact helices with ~11 bp per turn. A- 
DNA is also exhibited by RNA duplexes and mixed DNA/RNA duplexes (Figure 1.2a).3,4 
Z-DNA is a left-handed helix formed  from  alternating pyrimidine  – purine  base 
sequences and can form as a transient structure during DNA replication (Figure 1.2c).5 
Other nucleic acid structures have since been elucidated including cruciform DNA, 
triplex DNA and quadruplex DNA (qDNA).6-9  The conformations of such structures 
can vary as a result of nucleic acid sequence, cell conditions and interactions with the 
cellular environment, in turn, influencing protein interactions and cellular processes. 
Consequently, nucleic acid  secondary structures play  a vital role in  replication, 
transcription, gene regulation and genome stability.6-9 
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Figure 1.2 Crystal structures of a) A-DNA b) B-DNA c) Z-DNA with corresponding top-down views 
above. Structures processed from PDBs 3QK4,10 1BNA,11 and 2DCG,5 respectively. Deoxyribose carbons in 
orange; oxygen in red; nitrogen in blue; nucleobase carbons in grey; phosphorous in yellow. 
 
1.2       DNA replication 
 
DNA replication is a complex and dynamic process in cell division, involving a range of 
proteins and enzymes. The process is semi-conservative, meaning the resulting dsDNA 
products are composed of a parent and a daughter strand. Replication occurs with high 
fidelity to ensure the genetic integrity is maintained as mutations to the genetic code 
would be detrimental to cell survival.12 
 
The process of replication begins pre-S-phase in the cell cycle, where the required 
proteins for replication are produced;13  replication is then initiated during the S-phase. 
DNA replication is initiated at multiple sites within each chromosome, often at AT-rich 
sequences. A simplified overview of eukaryotic DNA replication is shown in Figure 1.3. 
DNA helicases are recruited to the replication origin sites, unwinding and separating the 
parent strands into single-stranded DNA (ssDNA). Single-stranded binding protein 
Chapter 1: Introduction 
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molecules are recruited to bind and protect the ssDNA from degradation and formation 
 
of unwanted secondary DNA structures.14  DNA replication of both daughter strands of 
dsDNA occurs simultaneously in the 5 to 3 direction. As dsDNA is antiparallel and 
DNA polymerases work only in the 5 to 3 direction, replication occurs with a leading 
and lagging strand. Leading strand synthesis is a continuous replication of the 3 to 5 
template strand, while lagging strand synthesis occurs discontinuously in the opposing 
direction to the movement of the DNA helicase. In eukaryotes, DNA polymerase α- 
primase (Pol α-primase) is a complex consisting of four subunits: two primase units and 
two polymerase units.15 Pol α-primase binds to both DNA template strands synthesising 
an RNA primer and a short sequence of nucleotides before being replaced by DNA 
polymerase δ  (Pol δ) for lagging strand synthesis and DNA polymerase ε   (Pol ε)  for 
leading strand synthesis. Both polymerases are highly processive and Pol δ  also checks 
for errors in replication made by Pol α and Pol ε.16,17  When multiple replication starting 
points are met, the RNA primers are removed and the replicated DNA fragments are 
joined by DNA ligase, thus completing replication. 
 
3’ 
 
5’ 
Helicase 
 
 
Pol ε 
 
 
telomeric DNA 
 
 
 
 
 
Pol α 
3’ 
Direction of movement 
 
 
 
Pol δ 
 
3’ 
 
 
5’ 
 
 
 
 
 
Okazaki 
fragment 
single-strand 
binding protein 
 
RNA primer 
 
Figure 1.3 Schematic of eukaryotic DNA replication. Pol ε  synthesises the leading strand (blue) moving in 
the same direction as the helicase (orange) that is unwinding the dsDNA. Single-stranded binding protein 
molecules (purple) bind to and protect ssDNA. Pol α-primase (yellow-red) synthesises RNA primers and 
begins synthesis of the lagging strand before being replaced by Pol δ   (green) which synthesises the 
remainder of the Okazaki fragment (green arrow). Parent DNA shown in black and telomeric DNA 
shown in red. Adapted from a range of sources.15,18,19 
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For leading strand synthesis, the 5 to 3 template strand is copied by producing a series 
 
of RNA primers followed by short DNA fragments called Okazaki fragments (100 – 200 
bp).20 However, at the 3 terminus of the template strand, Pol α-primase is unable to 
synthesise the final RNA primer, resulting in a truncated daughter strand and a 3 
single-stranded overhang on the parent strand: a consequence known  as the “end- 
replication problem” (Figure 1.4a).21 Incomplete replication results in the loss of 50 – 200 
bp, shortening the chromosome  with each round of replication.18  For this reason, 
telomeric DNA that does not carry genetic information is located at the ends of linear 
chromosomes to protect and prevent the loss of genetic DNA  through incomplete 
replication. 
 
a) Product of lagging strand synthesis 
 
Pol α 
b) Product of leading strand synthesis 
 
 
3’ 5’ 3’ 5’ 
 
 
5’ 
3’
 5’ 3’ 
 
Figure 1.4 Schematic of DNA replication products. a) The Pol α-primase complex (yellow-red) is unable 
to bind to the parent DNA strand and synthesise the final RNA primer, resulting in incomplete 
replication and a 3 G-overhang. b) Leading strand synthesis goes to completion. Parent DNA strand 
shown in black, daughter strand of lagging synthesis in green, daughter strand of leading synthesis in blue 
and telomeric DNA in red. Adapted from McKenzie et al.18 
 
1.3       Telomeric DNA 
 
The telomere is a nucleoprotein complex that protects against DNA  degradation, 
chromosomal end-to-end fusions and recombination near or at the end of the DNA.22-24 
Telomeric DNA is highly conserved among vertebrates consisting of a number  5- 
TTAGGG-3 repeats producing telomeric DNA of varying lengths, with the telomeric 
region in healthy human  cells ranging between 10 – 15 kilobases (kb).25,26 Telomeric 
DNA consists of a GC-rich dsDNA region affording high thermal stability, and a ssDNA 
component which is a G-rich 3 overhang (50 – 400 nucleotides (nt) in mammalian 
cells)27 that provides a binding site for telomeric proteins, such as the shelterin complex 
(see section 1.3.1).28  The presence of telomeres and the accompanying binding proteins 
solve two key complications associated with the end-replication problem: (i) 
maintaining  genetic integrity despite the shortening of DNA and (ii) preventing the 
Chapter 1: Introduction 
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recognition of the 3 single-stranded overhang as a DNA double-stranded break (DSB) 
 
in need of repair.27,29,30  Telomeric DNA solves the first problem by tailing the ends of 
chromosomes with noncoding  DNA, thus preventing loss of genetic DNA through 
incomplete replication. However, after multiple cell replications, the telomere becomes 
critically short, and can no longer protect the coding sequence of DNA, signalling a 
natural cell death. In this way, the telomere has been proposed as a physical clock 
influencing the life span of a cell.31-34 Furthermore, the telomere has implications in most 
cancer biology as a substrate for the binding of telomerase, an enzyme overexpressed in 
cancer cells that binds and extends telomeric DNA post-replication, preventing the 
shortening of DNA (detailed in section 1.3.2). In a minority of cancer cells, the telomere 
is maintained by alternative lengthening of telomere (ALT) pathways.35 
 
The second problem involves the G-rich overhang essential for the protective functions 
of the telomere and the capping of chromosome ends. The ssDNA can form secondary 
structures such as G-quadruplexes (refer to section 1.4), be incorporated into t-loops 
and D-loops (telomere- and displacement-loop, respectively) and provide a binding site 
for shelterin to assist in protective end-capping, preventing recognition as a DSB (see 
section  1.3.1).27,29,36,37 The 3 ssDNA overhang is produced naturally as a result of lagging 
strand synthesis, comparatively, leading strand synthesis results in complete replication 
and in effect, blunt-ended DNA products (refer to section 1.2). This would imply that 
only 50%  of replicated DNA  would  contain a G-rich overhang. However, studies 
conducted on a range of human cells have found over 80% of telomeres contain a G-rich 
overhang, contradicting the proposed model of overhang production by means of 
lagging strand synthesis alone.38 Therefore, it has been suggested that a G-rich overhang 
is regenerated in the leading strand products through either C-strand resection or 
recombination following  DNA replication.38-40  C-strand degradation was observed in 
telomerase-free Saccharomyces cerevisiae cells resulting in a G-rich overhang on either 
end of the chromosome, regardless of leading or lagging strand synthesis.40 Using 
healthy human  fibroblast cells, Chow  et  al.39  found  that lagging strand synthesis 
produced a G-rich overhang soon after DNA replication, as expected; however, the final 
Okazaki RNA primer for replication was positioned ~100 nt from the end of the DNA, 
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rather than at the telomere terminus, giving rise to the long G-rich tail. The leading 
 
daughter strand developed G-rich overhangs ~1 – 2 h after DNA replication in the S/G2 
phase.39 The mechanism by which the G-rich overhang was produced on the leading 
strand is unknown; however, it has been proposed that the process may be tightly 
controlled by shelterin.41  The regeneration of the G-rich overhang on both ends of 
mammalian  chromosomes suggests the overhang may have an important role in the 
morphology of DNA, therefore, its functions within the cell. 
 
1.3.1        Telomere nucleoprotein interactions 
 
Telomeres bind to the protein complex, shelterin, as part of the mechanism to protect 
against DSB repair and other repair pathways (reviewed in de Lange et al.).27 Shelterin is 
a group of six structurally distinct proteins TRF1,42  TRF243 (telomeric repeat-binding 
factors 1 and 2), POT144 (protection of telomeres 1), TIN245  (TRF-interacting nuclear 
factor 2), TPP1 (identified by three different research groups as TINT146, PTOP47 and 
PIP148) and Rap149 (repressor activator protein 1). Of these proteins, TRF1 and TRF2 
bind directly to the duplex telomere region and provide a binding site for other shelterin 
proteins. Stabilisation of the TRF proteins is offered by TIN250 which is also responsible 
for the recruitment of TPP1 and POT1. POT1 binds to the single-stranded telomeric 
region.46-48 The dsDNA binding proteins (TRF1 and TRF2) and the ssDNA binding 
protein (POT1) are connected by interactions between TPP1 and TIN2. A diagram of the 
interactions of the shelterin proteins is shown in Figure 1.5. A key role of POT1 binding 
is to protect the G-rich overhang from DSB repair pathways. This was demonstrated 
using POT1-deficient cells which exhibited chromosome instability and loss of telomeric 
DNA  leading to apoptosis and cell senescence.44,51-53   TRF2 has also been shown  to 
suppress DNA  damage  response pathways  and  end-to-end chromosome  linking 
through non-homologous end-joining.54 
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Figure 1.5 Shelterin is composed of six proteins: TRF1 (blue) and TRF2 (orange) are linked to TPP1 (red) 
and POT1 (yellow) through TIN2 (green). RAP1 (purple) interacts with TRF2. The complex binds to 
telomeric ds- and ssDNA (blue and red bars, respectively). Adapted from multiple sources.55-57 
 
 
Together with shelterin, the G-rich single-stranded overhang can form nucleoprotein 
structures called a t-loop and D-loop (Figure 1.6). The structures have been observed in 
HeLa cells via electron microscopy (EM) and are stabilised by TRF2.58-60  Formation of 
the t-loop/D-loop involves the looping back of the G-rich overhang into the duplex 
telomeric region (forming the t-loop portion) and base-pairing with the C-rich strand to 
displace the existing complementary DNA (forming the D-loop). The size of the t-loop 
is correlated with the length of the telomeric single-stranded overhang and in human 
cells ranges from 1 – 25 kb.56,58 It has been proposed that the formation of the t-loop/D- 
loop  caps chromosome  ends and  protects the telomere from  the DNA  damage 
response.58 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.6  Example of a D-loop and t-loop. The ssDNA (blue bars) loops back and displaces the 
complementary DNA creating the D-loop. Adapted from Deng et al.57 
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1.3.2        Telomerase 
 
Telomerase is a specialised reverse transcriptase that extends telomeric DNA by adding 
 
5-GGTTAG-3  repeats to the 3 G-rich overhang, solving to some extent, the end- 
replication problem. Telomerase was first characterised in the ciliate Tetrahymena 
thermophila by Blackburn, Greider and coworkers.61  The enzyme is composed of a 
telomerase RNA component (TR; hTR in humans) and a protein subunit, telomerase 
reverse transcriptase (TERT; hTERT in humans)  The hTR component provides the 
template for de novo synthesis of the telomere62,63  and the hTERT domain catalyses the 
addition of nucleotides to the telomere.64 The hTERT protein contains four functional 
domains,  the TR-binding domain  (TRBD),  telomerase N-terminal domain  (TEN), 
reverse transcriptase domain (RTD), and the C-terminal extension domain (CTE).65 The 
active site of telomerase is located within the RTD.66 
 
Human  telomerase is thought to act as a dimer, containing two hTERT and hTR 
 
domains. Single-particle EM images obtained by Sauerwald et al.67 of in vivo-assembled 
telomerase show the two monomers ~180 Å apart with a flexible interface connecting 
the two lobes. It was hypothesised the two monomers may bind to and extend aligned 
telomeres on sister chromatids in parallel.67 
 
 
Telomerase is recruited to the single-stranded telomere by TPP1 through interactions 
with the TEN domain.68-70 Telomerase action occurs throughout the S phase of the cell 
cycle within 30 min of telomere DNA replication.71  Once bound, the hTR component 
base pairs with the 3 overhang allowing  nucleotide addition  to synthesise a new 
telomeric repeat. Telomerase then translocates and binds to the newly synthesised DNA 
and elongation of the telomere is repeated (Figure 1.7). Synthesis  of the complementary 
C-rich strand is delayed until the late S-phase where it is synthesised in a step-wise 
mechanism alternative to Okazaki fragment synthesis.71 
 
A crystal structure of the active Tribolium castaneum TERT domain  was solved in 
 
2010.72  The catalytic domain was bound to a DNA/RNA hairpin duplex, designed to 
mimic  the action of telomeric DNA  with  the RNA  template of telomerase. The 
positioning of the hairpin duplex revealed that the RNA bases were aligned close to the 
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TERT active site to promote selective binding of nucleic acids. Furthermore, the TERT 
 
domain  underwent conformation changes upon nucleotide binding to create a tight 
catalytic complex.72 The binding of telomeric DNA to the TERT domain was likened to 
the mechanisms  for retroviral reverse transcriptases,  indicating the two groups of 
enzymes may share similar replication properties. 
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Figure 1.7 An overview of the action of telomerase (purple). a) The RNA template of telomerase binds to 
the 3 end of the telomere, b) elongation of the 3 end occurs, c) telomerase dissociates and translocates to 
the newly synthesised end, d) elongation and translocation are repeated. 
 
 
It has been proposed that shelterin proteins POT1 and TPP1 play a key role in 
promoting processivity, decreasing dissociation rate, and supporting translocation of 
telomerase.70,73,74   Single-molecule studies of telomerase activity have supported that 
POT1 and TPP1 increase processivity, however it was suggested these proteins trigger a 
rapid dissociation from the telomere following nucleotide addition, inconsistent with 
previous observations.75 
 
Telomerase is expressed in embryonic cells and adult germ cells, thereby maintaining 
chromosomal integrity by preventing the shortening of telomeric DNA.76  In mature 
oocytes, spermatozoa or human somatic cells (beyond the neonatal period), telomerase 
expression is undetectable, therefore a shortening of telomeres occurs, limiting  the 
lifespan of the cell.76 Comparatively, telomerase is expressed in >85%  of cancers,77 
deregulating cell proliferation allowing  the cancer cell to escape apoptosis and 
senescence. Telomerase is a prominent factor in cancer cell immortalisation and as such, 
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an attractive therapeutic target. Direct inhibition of the enzyme has been proposed as an 
 
anti-cancer approach, as well as inhibition through secondary DNA structures such as 
G-quadruplexes, which may disrupt shelterin proteins and prevent telomerase action 
(refer to section 1.5). 
 
1.4       G-quadruplex structures 
 
G-rich regions, such as the telomere, can form four-stranded DNA helical structures 
known as G-quadruplex DNA (also referred to as qDNA), where four guanine residues 
interact via Hoogsteen hydrogen-bonding to form a G-tetrad (Figure 1.8a).78  Often 
stabilised by a cation, such as Na+ and K+,79-82 two or more G-tetrads can stack upon one 
another with  a helical-rotation via π-π   stacking to form  a G-quadruplex and are 
connected via small loops.83,84 These structures have been characterised in vitro85-88 and 
visualised in vivo.89 
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Figure 1.8 The structure of: a) a G-tetrad and b) a representation of three tetrads stacking to form the G- 
quadruplex stabilised by two cations (orange). 
 
 
G-quadruplex structures are highly polymorphic, exhibiting different strand 
orientations and molecularity. Intra- and intermolecular G-quadruplexes can form with 
parallel and antiparallel strand orientation. For qDNA to be deemed ‘antiparallel’ it 
must have at least one strand antiparallel to another.90  Each of the G-tetrads are 
connected via loop regions where loop length can affect both strand orientation and 
molecularity. Single-base loops form parallel, intermolecular qDNA and longer loops 
(≥3 nucleotides) favour intramolecular qDNA with a propensity towards antiparallel 
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strand orientation.82,91,92 The glycosidic bond  configuration  of  the guanines  varies 
 
between anti and syn depending on strand directionality (Figure 1.9). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.9 Glycosidic bond configuration of guanine in a) anti and b) syn conformations 
 
 
Intramolecular G-quadruplexes are formed from nucleic acid strands consisting of four 
contiguous tracts of guanines of the sequence type GnXyGnXyGnXyGnXy, where n ≥ 3, and 
X are nucleotides forming the loop region and y ≥ 2.90,93 Loops can be categorised as 
lateral, diagonal or propeller types. Lateral loops join adjacent G-strands, opposite G- 
strands are joined by diagonal loops, and propeller loops link the top G-tetrad with the 
bottom. The human  telomeric sequence d[AGGG(TTAGGG)3] (22AG) can form an 
antiparallel basket-type qDNA, consisting of a lateral-diagonal-lateral loop arrangement 
and is formed  predominantly  in the presence of sodium  ions (Figure 1.10a).94   The 
G-tetrads in  the  basket-type qDNA  have  glycosidic  conformations  of 
syn•syn•anti•anti.94   It  was  believed the basket-type qDNA  was  the main  qDNA 
conformation found in sodium solution with this sequence. However, recent work by 
Noer et al.95  using single-molecule FRET microscopy, elucidated four different 
conformations: an unfolded  state, the anti-parallel basket-type and two structural 
transition states in between.95 This sequence can also form a hybrid loop conformation 
in potassium solution, with a combination of propeller and lateral loops87 or a parallel 
stranded conformation with propeller loops in molecular crowding96   and crystalline 
conditions.97 The antiparallel chair-type conformation can also form in the presence of 
potassium with all lateral loops, and has been proposed as a conformational 
intermediate between structures.98,99 The myriad of possible conformations for the 22AG 
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sequence highlights the polymorphic nature of G-quadruplexes. Changing the DNA 
 
sequence introduces different possible conformers again.99 
 
a) b) c) 
 
5' 5' 
 
 
 
 
 
 
 
3' 
3' 5' 
3' 
 
 
Figure 1.10 Example of intramolecular topologies: a) basket-type antiparallel with lateral and diagonal 
loops b) hybrid-type with mixed lateral and propeller loops c) all parallel with propeller loops. 
 
 
Intermolecular structures can be dimeric (composed of two strands)85,100  or tetrameric 
(four strands)101,102 and often form through the association of multiple strands with fewer 
than four tracts of contiguous guanines.  Tetrameric qDNAs most commonly have all 
parallel strands with all guanines in the anti conformation.101,102  Dimeric qDNA 
structures can display more complex loop arrangements and strand orientations, where 
lateral, diagonal and propeller-like  loops are possible with  mixed  antiparallel and 
parallel strand orientations.100,103-105  Dimeric qDNA assemblies have also been observed 
for longer telomeric sequences when in the presence of Sr2+.88,106 
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Figure 1.11 Example of intermolecular topologies: a) tetrameric qDNA with all-parallel strands b) Dimeric 
qDNA with antiparallel strands and lateral loops. 
 
 
Given the highly polymorphic nature of G-quadruplexes, annealing conditions such as 
which cation is present, DNA sequence and heating/cooling rates must be well reported 
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and controlled to aid in characterisation. It is also sensible to be aware of the advantages 
 
and disadvantages of the methods chosen for characterisation as these can directly 
affect/alter the relative populations of different qDNA structures (see section 1.6). 
 
1.4.1         Biological impact of G-quadruplexes 
 
In  the human  genome, over 716 000 sequences have the potential to form  G- 
quadruplexes.107 Outside of the telomere, these sequences are found in ribosomal DNA 
(rDNA), promoter regions, transcription sites and untranslated regions of messenger 
RNA  (UTR).108-110   In 2013, Biffi et al.89  visualised qDNA  formation  in  vivo with a 
structure- specific antibody in regions within and outside of the telomere. Visualisation 
of qDNA was more apparent during the replication phase of the cell cycle, suggesting G- 
quadruplex  formation  may  be  replication-dependent. This  work  supported  the 
hypothesis that qDNA structures may form at biologically relevant sites and may play a 
key role in biological activities. 
 
G-quadruplexes have been studied for their possible role in telomere maintenance, gene 
replication, transcription and translation. Potential qDNA forming sequences have been 
found   in  oncogene  promoters  such  as  c-myc,111     c-kit,112    bcl-2,113     and  VEGF.114 
Overexpression of the oncogene, c-myc, leads to an increase in cell proliferation and 
differentiation in some malignant tumours,115,116  and ~90%  of the gene’s transcriptional 
activity is controlled by a GC-rich sequence, NHE III1  (nuclear hypersensitive element 
III1).117,118  It is proposed the GC-rich sequence can form a G-quadruplex (from the G- 
strand) and an i-motif under negative superhelicity during transcription111  (a tetraplex 
formed  from  the C-strand; see review by Benabou et  al.119). The qDNA  structure 
proposed is an intramolecular, parallel G-quadruplex with propeller-like loops.120,121  The 
formation of such a structure causes gene silencing of c-myc.117  As a consequence of 
these observations, ligands stabilising qDNA in the c-myc region have become an area of 
interest in cancer biology.122-125 
 
Although the extent of qDNA formation  in vivo is still unknown, there are several 
helicases that localise at the telomere with the ability to unwind  G-quadruplexes, 
including  Bloom’s syndrome  (BLM)126    and  Werner’s syndrome  (WRN).127    These 
Chapter 1: Introduction 
15 
 
 
 
 
 
 
helicases have also been shown to interact with POT1128, resolve D-loop structures,129  and 
 
may function as part of the ALT pathway.130   The absence of these proteins causes 
genomic instability and telomere shortening,131  suggesting G-quadruplex structures may 
form in the telomeric region, requiring unwinding prior to DNA replication.132 
 
1.5       Targeting telomerase 
 
Given the presence of telomerase in cancer cells, and the absence from somatic cells, this 
enzyme has become an attractive target for anti-cancer therapy. Currently, there are two 
proposed strategies for  targeting telomerase and  the telomere:  (i)  direct 
inhibition/targeting of telomerase, and (ii)  stabilising qDNA  structures to 
inhibit/disrupt telomeric proteins. While direct telomerase inhibition offers a relatively 
specific target, there can be a significant  lag period between treatment and  cell 
senescence. Comparatively, stabilisation of G-quadruplexes disrupts shelterin proteins 
leading to a DNA damage response and subsequently, cell senescence/apoptosis within 2 
weeks. Molecules that stabilise qDNA have also been shown to affect ALT cells (~15% of 
cancers where telomerase levels are undetectable), although the mechanism of ALT-cell 
senescence is not fully understood.133,134   However, as qDNA-forming  sequences are 
found throughout the genome, telomeric G-quadruplexes must be well characterised to 
avoid genome-wide side effects. 
 
1.5.1        Direct telomerase inhibition 
 
Direct inhibition of telomerase targeting either hTR or hTERT has been proposed as an 
approach to anti-cancer therapy. Inhibition  through these methods relies upon the 
shortening of the telomere leading to apoptosis, meaning cell death could be delayed up 
to ~100 days following telomerase inhibition.135 This effect is exacerbated when cancer 
cells exhibit longer telomeres, with a significant reduction in telomere length failing to 
lead to apoptosis after months of telomerase inhibition.136  Consequently, this method is 
likely to be more effective if coupled with current anti-cancer treatments or used on cells 
with short telomeres.137-139 
 
Examples of telomerase inhibitors include BIBR1532 (2-[(E)-3-naphthalen-2-yl-but-2- 
enoylamino]-benzoic acid) and GRN163L (Figure 1.12a  and b). BIBR1532 has been 
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shown  to bind  selectively to the hTERT domain  and  act as a non-competitive 
 
inhibitor.140,141  Pascolo et al.140  found the binding of BIBR1532 did not inhibit telomere 
extension, rather, BIBR1532 impaired the processivity of telomerase by either affecting 
translocation or promoting telomerase dissociation from the template DNA. There was 
a characteristic “lag” between telomerase inhibition and cell senescence.142 Additionally, 
cells with longer telomeres (>11 kb) did not enter senescence despite treatment with 
BIBR1532 exceeding 100 days.143  Continuous treatment with BIBR1532 is also required, 
as telomerase inhibition is fully reversible upon cessation of treatment.142 
 
 
 
 
 
 
 
 
 
Figure 1.12 Structures of small molecules used as direct targets of telomerase a) BIBR1532 targets hTERT 
and b) GRN163L targets hTR (lipid  group, red; oligonucleotide component, bold-black). Structures 
adapted from Bryan et al.141 and Herbert et al.144 for BIBR1532 and GRN163L, respectively. 
 
 
GRN163L contains a 13-mer oligonucleotide component complementary to the hTR 
domain  allowing  the molecule to bind  as a competitive antagonist, blocking the 
telomerase active site.144,145  The lipid group present in GRN163L aids in cellular uptake, 
further increasing potency compared to its lipid-free counterpart GRN163.144,145   The 
compound has recently completed phase II clinical trials for advanced non-small-cell 
lung cancer.146  GRN163L suffers the same draw-backs as other telomerase inhibitors, 
such as delayed cell senescence (3 – 4 weeks) despite inhibition occurring within 72 hrs 
of administration,147  and poor efficiency against cells exhibiting longer telomeres.148 
Treatment of a range of pancreatic cancer cell lines resulted in an initial rapid decrease 
in telomere length (from 2 - 3 kb to <2 kb) for some cell lines. However, as a reduction 
in cell proliferation occurred, telomere length was maintained and remained stable.148 In 
addition, cells did not reach crisis until after 8 weeks of exposure and if treatment was 
terminated, telomerase was reactivated and the critically short telomeres were re- 
elongated.148 
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1.5.2        G-quadruplex binding ligands 
 
G-quadruplexes have been shown to inhibit telomerase activity in vitro;149  therefore 
identifying compounds that stabilise these structures may offer improved telomerase 
inhibition. Increasing the stability may also impede the functioning of WRN and BLM 
helicases, and interrupt shelterin proteins. 
 
Ligands targeting qDNA often contain hetero-aromatic systems, some with cationic 
groups to interact with the G-tetrad core, or qDNA backbone (e.g. BRACO-19, and 
RHPS4; Figure 1.13),  while others like telomestatin and TMPyP4 (Figure 1.13),  are 
macrocyclic in nature with their size resembling that of the G-tetrad.150  To increase the 
selectivity of qDNA-targeting compounds over duplex DNA, substitutions are added to 
interact with the grooves and loop regions of the qDNA.151 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  1.13 The structures of some current G-quadruplex-binding ligands. 
 
 
Telomestatin was isolated from Streptomyces anulatus and exhibits potent telomerase 
inhibition that interacts with the telomere to induce cell senescence and apoptosis.152,153 
The naturally derived compound binds to antiparallel qDNA with a 70-fold selectivity 
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over duplex DNA133,154  and inhibits telomerase over other reverse transcriptases and 
 
DNA  polymerases.152 Furthermore, telomestatin can convert preformed  hybrid  G- 
quadruplex structures to the antiparallel basket-type.155  The hydrophobic, cyclic nature 
of telomestatin favours π-stacking with G-tetrads, exhibiting a 2:1 binding ratio with 
qDNA.154,155 The mode of action of telomestatin is thought to arise from the disruption of 
the t-loop through the formation of qDNA and the dissociation of shelterin proteins. 
Telomestatin has been shown to stabilise G-quadruplexes in vivo and in vitro promoting 
the dissociation of POT1 and TRF2 from the telomere, disrupting t-loop stability and 
inducing  a DNA  damage response.156-159   Moreover, short-term treatment (72 h) of 
neuroblastoma cells with telomestatin results in the induction of cell apoptosis in a 
dose-dependent manner.160 
 
TMPyP4 is a porphyrin-based compound that has shown telomerase inhibition effects 
in MCF7 breast tumour cells.161   The compound  was expected to participate in π-π 
stacking through its porphyrin centre;161,162  however, binding modes for TMPyP4 also 
include intercalation between G-tetrads163  and loop region interactions irrespective of 
binding with the G-tetrad.164 Binding can also occur with different topologies of qDNA 
with  some research suggesting specificity for  intermolecular  qDNA,133   and  others 
suggesting ligand binding  causes structure conversion from  antiparallel to parallel 
qDNA.162 TMPyP4 and its derivatives also impede BLM helicase activity via direct and 
indirect (qDNA  stabilisation) helicase inhibition.165  There have also been conflicting 
studies regarding TMPyP4 specificity for G-quadruplex structures over duplex DNA; 
under molecular crowding conditions, TMPyP4 exhibits a 100-fold selectivity for some 
qDNA conformations over duplex DNA.166  Increases in specificity have been achieved 
by adding side groups to produce derivatives,167-169   with one derivative exhibiting a 
10 000-fold preference for qDNA specificity over duplex DNA.170 
 
 
BRACO-19151  and RHPS4 are both acridine-based compounds that target qDNA at the 
telomere. Both compounds contain cationic charges that facilitate binding stability of 
the ligand with the G-tetrad. BRACO-19 binds through π-π end stacking via the acridine 
component with the three substitutions held within the qDNA loops.171  In vivo and in 
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vitro studies of BRACO-19 demonstrated a decrease in hTERT expression in carcinoma 
 
cells after 24 h of treatment and the onset of cellular senescence within  15  days, 
accompanied by telomere shortening.172   The fast onset of cellular senescence and 
decreased hTERT expression were also noted with RHPS4.173,174 Both compounds lead to 
telomere dysfunction and the signalling of the DNA damage response pathway, 
suggesting telomeric uncapping  through G-quadruplex  stabilisation as the primary 
mode of action.175  As a result, cells that over express POT1 and TRF2 proteins are 
resistant to RHPS4 treatment.174 
 
1.5.2.1       Berberine derivatives as G-quadruplex ligands 
 
Berberine is an isoquinoline alkaloid derived from plants,176  and has been investigated 
for clinical applications as an anti-inflammatory,177  antidiabetic178 and antibacterial.179,180 
Berberine and its derivatives have also been shown to bind to dsDNA181,182   and G- 
quadruplex DNA.183-185  The mode of binding of berberine to dsDNA remains 
controversial, with  some studies suggesting minor  groove binding,182,186   and others 
proposing intercalation.187,188 For some G-quadruplex conformations crystallography and 
computational modelling  suggest berberine interacts by stacking on the terminal G- 
tetrads, known as end-stacking.185,189 
 
Berberine derivatives are of particular interest in our research laboratory with the aim to 
increase qDNA selectivity by adding substituents to the 13 position. Gornall et al.184 
tested a series of 13-substituted berberine derivatives for their selectivity for various 
qDNA structures over dsDNA using electrospray ionisation mass spectrometry (ESI- 
MS) (Figure 1.14). Compounds 2-7 bound preferentially to a four-stranded, 
intermolecular G-quadruplex. Compound 6 also bound to intramolecular and dimeric 
qDNA with preference over dsDNA. Comparatively, berberine (1) was non-selective, 
binding to all types of tested qDNA structures and also with dsDNA. It was proposed 
the berberine backbone binds via end-stacking and the 13-substituent interacts with the 
grooves of the qDNA, while steric hindrance imposed by substituents at the 13 position 
impedes dsDNA binding. 
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Figure 1.14 The structure of berberine (1) and derivatives tested for qDNA selectivity over dsDNA. 
Adapted from Gornall et al.184 
 
1.6       Methods for characterising G-quadruplexes 
 
In order to investigate interactions of telomeric proteins and potential drug molecules 
with G-quadruplexes, it is important to characterise the structures formed by G-rich 
sequences. The diverse binding modes proposed for some compounds (e.g. TMPyP4) 
may be, in part, the result of incompletely characterised and/or heterogeneous qDNA. 
There are a range of techniques which can be employed to characterise qDNA. Circular 
dichroism  (CD),190-193    nuclear  magnetic  resonance (NMR)87,99,194   spectroscopy and 
fluorescence resonance energy transfer (FRET)195,196 provide bulk solution data regarding 
structural conformation,  strand orientation and  thermal  stability. ESI-MS,85,184,197,198 
crystallography97,102 and molecular  dynamics  (MD)96,199   aid in  characterising strand 
stoichiometry and structure on a single-molecule level. While these techniques offer 
certain advantages of characterisation, the limitations of each method must also be 
recognised. 
 
1.6.1        Circular dichroism spectroscopy 
 
CD spectroscopy is a rapid analysis method used to characterise qDNA conformation, 
stability and ligand binding interactions. CD measures the difference between left- and 
right- handed circularly polarised light, as affected by molecular absorption and electric 
transition moments. For nucleic acids, the bases themselves are not optically active; 
however, when attached to the asymmetric ribose and deoxyribose sugars, a weak CD 
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signal is induced.200  When nucleotides are in close proximity with one another, the 
 
electric transition moments of each nucleotide interact and produce a strong CD signal, 
the shape of which is determined by the alignment of the bases.193,201  The sugar 
backbones of RNA and DNA  have weak electronic transitions at 190 nm  and the 
nucleobases, in particular, guanine, exhibit two absorption bands at ~250 nm  and 
279 nm (Figure 1.15a), thus producing a CD signal with a positive and negative band 
either side of 250 nm, the absorption maximum.193,200 Therefore, the secondary structure 
of nucleic acids is revealed by studying the transition moments of the nucleotides in the 
UV range between 200 – 300 nm.200 
 
Upon G-tetrad stacking, the electronic transition moments of adjacent guanines interact 
to create a chiral coupling system producing a CD signal characteristic of the guanine 
alignment. The glycosidic bond of guanine can adopt either anti or syn conformations, 
rotating the nucleobase to form either a “top” face or a “bottom” face G-tetrad (Figure 
1.15b). Therefore, the stacking of the G-tetrads can be either homopolar (“top” to “top” 
 
or “bottom” to “bottom” stacking) or heteropolar (“top” to “bottom” stacking) (Figure 
 
1.15c  and d).190,193   The polarity of the interaction impacts the interacting electronic 
transition moments, thus determining  the spectrum produced.193 Comparison  with 
theoretically calculated and/or experimentally derived spectra enables strand orientation 
assignment as parallel, antiparallel or hybrid. 
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Figure 1.15 a) the transition moments of guanine at 250 nm (red) and 279 nm (blue), b) the “top” face 
(green) and “bottom” face of guanine, c) an example of homopolarity stacking with both tetrads aligned 
as “top” face, and d) an example of heteropolarity stacking with one G-tetrad in the “bottom” face 
arrangement and the other G-tetrad in the “top” face arrangement. Adapted from Randazzo et al.193 
 
 
A parallel G-quadruplex is assigned by a positive band at 260 nm and a negative band at 
 
240 nm (Figure 1.16a), indicating that all glycosidic bond angles of guanine are in the 
 
anti conformation, and that stacked, aligned, adjacent G-tetrads are homopolar (Figure 
 
1.15c). The characteristic parallel spectrum has been confirmed  experimentally with 
tetrameric qDNA,202  intramolecular qDNA203   and also quantum mechanical 
calculations.190 
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Figure 1.16 a) Example CD spectrum of a parallel G-quadruplex and b) a graphical representation of an 
intramolecular parallel qDNA structure with all bases in anti conformation (blue) c) a diagram showing 
the homopolarity of the G-tetrads, with each box signifying the guanine’s face direction (“top” face as 
green; “bottom” face as red). All guanines are in the anti (a) orientation connected by propeller loops 
(grey arrow). Parts b) and c) adapted from several sources.97,193 
 
 
An antiparallel qDNA gives a CD spectrum with positive bands at 240 nm and 290 nm, 
and a negative band at 260 nm (Figure 1.17a). This strand orientation is derived from 
alternating syn-anti-syn  bond angles of the adjacent guanines and the G-tetrads are 
aligned with heteropolarity (Figure 1.15d). The human  telomeric sequence 
d[AGGG(TTAGGG)3] exhibits an antiparallel spectrum when folded as the basket-type 
qDNA, where all glycosidic bond angles alternate (syn-anti-syn).87 
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Figure 1.17 a) Example CD spectrum of an antiparallel G-quadruplex and b) a graphical representation of 
an intramolecular antiparallel qDNA structure with bases in anti (blue) and syn (yellow) conformation c) 
a diagram showing the heteropolarity of the G-tetrads, with each box signifying the guanine’s face 
direction (“top” face as green; “bottom” face as red). The glycosidic bond angles down the strand alternate 
syn-anti-syn. Parts b) and c) adapted from several sources.87,193 
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G-quadruplexes can exhibit both parallel and antiparallel characteristics, arising from 
 
two G-tetrads having homopolarity, and the next G-tetrad aligned with heteropolarity 
(e.g. syn-syn-anti). In this instance, the spectrum contains a negative band at 240 nm 
and a positive band at 260 nm (contribution from the homopolar G-tetrads) and a 
positive band at 290 nm (contribution from the heteropolar G-tetrad) (Figure 1.18). The 
hybrid-type qDNA for d[AGGG(TTAGGG)3] has been found in potassium solutions, 
where the structure contains a mix of propeller loops and lateral loops.87 
 
a) b) c) 
4 
5' 
5' 
2 
 
 
0 
 
 
-2 
 
 
-4 
220 240 260 280 300 320 
W avelength (nm) 
 
 
s      s      a      s 
a      a      s      a 
a      a      s      a 
3' 
3' 
 
Figure 1.18 a) Example CD spectrum of a hybrid G-quadruplex and b) a graphical representation of an 
intramolecular hybrid qDNA structure with bases in anti (blue) and syn (yellow) conformation c) a 
diagram showing the heteropolarity and homopolarity of the G-tetrads, with each box signifying the 
guanine’s face direction (“top” face as green; “bottom” face as red). The glycosidic bond angles down the 
strand alternate syn-syn-anti or anti-anti-syn. Parts b) and c) adapted from several sources.87,193 
 
 
The mode of ligand binding to DNA can be deduced using CD spectroscopy. By using a 
constant concentration of DNA and then titrating ligand into solution, changes in the 
CD spectrum of the DNA can indicate a change in its conformation upon binding.204 
This method has been used to show that telomestatin can change qDNA conformation 
upon binding from hybrid to antiparallel in potassium solution.155 
 
Optically inactive ligands, can acquire an induced CD (ICD) signal upon binding to 
 
DNA through the interactions of their electronic transition moments with DNA.192 
 
Therefore, the presence of an ICD signal is an immediate indicator of DNA-ligand 
binding. This information can be gathered by having a fixed ligand concentration and 
titrating DNA into solution while monitoring  wavelengths that cover the absorption 
maximum of the ligand.192,204 A single binding mode can be inferred by a change in ICD 
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signal intensity, and a change in shape indicates DNA  conformational  changes or 
 
ligand-ligand interactions.192,200 If the ligand binds as a multimer, a positive and negative 
ICD signal is observed at wavelengths either side of the λmax of the ligand. Complications 
in interpretation may arise where the λmax is within the DNA absorption range. 
 
Thermal stability of secondary structures can be determined by measuring a change in 
ellipticity as a function of temperature. As temperature is increased, folded qDNA loses 
its structure (unfolds) and consequently, loses the chirality giving rise to the CD signal. 
The thermal stability (Tm) is the midpoint between the folded and unfolded states of the 
complex. A qualitative ranking of stability can be obtained if the Tm of qDNA changes as 
a function  of a certain variable,  such as ligand  concentration, cation identity or 
concentration.199,205,206  In this way thermal stability can be used to determine the relative 
stabilities of a range of ligand-qDNA complexes. Other methods for obtaining Tm 
include UV melting,205,207 and FRET.208,209 
 
There are two ways these measurements can be accomplished using CD spectroscopy: 
(i) following the change in ellipticity at a fixed wavelength or (ii) collecting CD spectra 
at pre-determined temperature intervals. For a fixed wavelength measurement, the 
wavelength of the maximum ellipticity is chosen and the loss (or gain) of ellipticity is 
followed as a function of temperature. This method assumes a two-state transition of 
folded to unfolded. Collecting a series of CD spectra at different temperature intervals 
can give further structural information of the pathway from folded to unfolded states 
and can aid in the identification of structural intermediates.206 
 
1.6.2        Electrospray ionisation mass spectrometry 
 
Mass spectrometry is a powerful tool in determining the mass-to-charge ratio (m/z) of 
ionised molecules in the gas phase, thus resolving the mass of the molecule. There are 
several methods for molecular  ionisation, including  ESI, matrix-assisted laser 
desorption ionisation (MALDI) and electron ionisation (EI). MALDI and EI use laser or 
electron bombardment  (MALDI  and EI, respectively) to generate ionised molecules. 
Comparatively, ESI-MS offers the advantage of transferring the analyte from solution to 
the mass spectrometer, with the charge state of the gas phase ions generally reflecting 
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those present of the solution phase.210 In ESI-MS analysis, the sample is introduced into 
 
the mass spectrometer source via a capillary maintained at a high potential. The solution 
exits the capillary as an aerosol of charged droplets, of either negative or positive charge 
depending upon the potential applied at the source. The charged droplets are pushed 
toward the analyser by a potential and pressure gradient reducing in size through 
evaporation in the presence of nitrogen. The reduced droplet size creates a high charge 
density exceeding the cohesive forces of the droplet, resulting in  droplet fission. 
Evaporation and fission is repeated producing smaller and smaller droplets, ultimately 
generating single, desolvated ions for detection.210  Figure 1.19 shows a schematic of the 
ESI process. The ionisation source can be interfaced with different mass analysers, 
including quadrupole, ion-trap, and time-of-flight instruments (reviewed by Glish and 
Vachet211). 
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Figure 1.19 Diagram illustrating droplet formation with positive mode electrospray ionisation. Developed 
from Gaskell et al.210 
 
 
With the development of ESI,212 biomolecules (e.g. proteins, DNA) could be analysed by 
MS for the first time. However, initial studies of non-covalent complexes such as protein 
multimers213,214  and protein-ligand complexes,215,216  raised questions as to whether the 
abundances of non-covalent complexes were reflective of those in solution, or an 
artefact of droplet fission in the electrospray process causing non-specific aggregation.217 
In  1995, Ding  and  Andregg218   challenged these questions using  a series of 
oligonucleotides to compare the observed relative abundance of complementary and 
non-complementary dsDNA formation (i.e. a heterodimer and a homodimer) with their 
statistical prediction for non-specific interactions between the two DNA strands. They 
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demonstrated dsDNA  hetero- and  homodimers  could be detected using  ESI-MS; 
 
however, the relative abundance of the heterodimer dsDNA exceeded the statistically 
predicted value, while the homodimer  was lower than predicted, indicating that the 
dsDNA observation by ESI-MS was a result of specific strand interactions in solution 
rather than an effect of electrospray ionisation. 
 
The study of G-quadruplex structures by ESI-MS is a focus of this thesis. The buffer to 
be used for stable qDNA formation is one hurdle in determining conditions for gas 
phase analysis. Traditionally, solution structures of  qDNA  are studied in  buffers 
containing Na+  or K+;80,81,219,220  however, using such buffers in ESI-MS results in spectra 
with poor signal-to-noise.221 Gale et al.222 established the use of ammonium acetate as a 
suitable buffer for ESI-MS of dsDNA  and there have since been multiple  studies 
assessing NH +-stabilised qDNA structures in solution223-225 and in the gas phase.226-229 
 
When the human telomeric sequence is folded in NH + it produces highly polymorphic 
 
qDNA structures that are often less stable than those formed in Na+  or K+.82  For this 
reason, folding in Na+   or K+  and desalting prior to ESI-MS analysis has been 
investigated. These methods are not suitable for all qDNA structures as desalting may 
reduce the stability of qDNA complexes upon replacement of Na+   or K+  with 
ammonium acetate.230  More recent methods where ammonium acetate was replaced 
with trimethylammonium acetate and 1 mM KCl show promising results in minimising 
non-specific K+  adducts;231  however, the low cation concentration decreases the overall 
stability of the G-quadruplex.232 Regardless of the challenges, ESI-MS offers direct 
analysis of complex mixtures of qDNA conformations, where multiple strand 
stoichiometries may be present. 
 
Mass spectrometry of non-covalent complexes soon expanded to investigate DNA- 
ligand complexes. Smith and coworkers were one of the first groups to report successful 
ESI-MS analysis of DNA with minor groove binders, distamycin A, pentamidine and 
Hoechst 33258,222,233 with the observed binding ratios of ligand to DNA corresponding 
to solution NMR studies.234-236 
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After detecting G-quadruplex in the gas phase,221,237   studies assessing qDNA-ligand 
 
complexes began to emerge. Brodbelt and coworkers238 were the first to use ESI-MS to 
study qDNA-ligand  complexes. They assessed the binding  of  distamycin  A, 
diethylthiocarbocyanine  (DTC)  and  Tel01 (a  3,4,9,10-perylenetetracarboxylic  acid 
diimide derivative) with tetramolecular qDNA. The binding stoichiometries of all three 
ligands showed a 2:1 (ligand:qDNA) binding profile; however, the formation of the 2:1 
Tel01:qDNA complex was concentration-dependent. Previously reported solution phase 
studies, indicated that distamycin A was a qDNA groove-binder239 and Tel01 was an 
end-stacking ligand.240 Collision-induced dissociation (CID) was utilised to determine 
ligand-qDNA dissociation pathways to infer binding mode as either end-stacking or 
groove-binding. The dissociation pathway for the distamycin A-qDNA complex showed 
dissociation of ligand-bound ssDNA from  the four-stranded qDNA. At the same 
dissociation energy, the Tel01-qDNA complex remained the most abundant in the 
spectrum, suggesting Tel01 bound to qDNA with a greater affinity than distamycin A. 
Furthermore, at higher energies the fragmentation pattern for the Tel01-qDNA complex 
resulted in ligand-free qDNA and ligand-free ssDNA. It was suggested Tel01 bound to 
qDNA  by end-stacking given the different dissociation pathways of distamycin A- 
qDNA and Tel01-qDNA. Their results demonstrated that CID could be used to support 
solution phase binding studies. Binding selectivity was also examined by comparing the 
relative abundances of DNA- and qDNA-ligand complexes, identifying  Tel01 as a 
qDNA-selective compound.238  ESI-MS is now an established tool for high-throughput 
DNA-ligand screening,197,241-244  and has also been used for binding competition assays,245 
calculating binding constants at equilibrium,246  and analysing DNA-ligand stability247 
and intermolecular interactions.246 
 
1.6.2.1       Ion mobility mass spectrometry 
 
Ion mobility mass spectrometry (IMMS) separates ions based on size, collisional cross 
section (CCS) and charge state, and measures how long it takes those ions to traverse 
the mobility cell. The mobility cell contains a low pressure of an inert gas such as argon. 
The ions in the mobility cell collide with the gas. The smaller the cross-sectional area of 
the ion, the fewer  collisions, and  therefore a shorter travelling time. This time 
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measurement (drift time) can then be used to calculate the CCS of the ion of interest.248 
 
IMMS techniques are often conducted alongside MD simulations to compare 
experimentally-derived CCS with theoretically-calculated cross sections in solution and 
gas phase environments.227-229,249 
 
There are different  types of  ion  mobility  devices that can be paired with  mass 
spectrometry, including drift time, travelling wave ion mobility and differential ion 
mobility.248,250  Drift time ion mobility spectrometry (DTIMS) measures the drift-time of 
ions in a low, near-uniform electric field environment in the presence of the counter- 
flow inert gas (Figure 1.20). The velocity of the ion is directly proportional to the applied 
electric field, meaning the CCS of the ion can be directly calculated based on its drift 
time.250,251  DTIMS  offers  high  separation resolution, however, mass  spectrometry 
sensitivity is decreased.248 
 
Drift Rings 
 
 
 
 
Ions In Drift Gas In 
 
 
 
 
 
 
 
Drift Field 
 
Figure 1.20 Schematic of DTIMS. Ions (green, blue and orange) travel through the drift rings against a 
counter flow of drift gas. Ions with a smaller collisional cross section will have fewer collisions with the 
drift gas, thus reaching the detector before larger ions. 
 
 
Travelling wave ion mobility spectrometry (TWIMS),  uses a stacked-ring ion guide, 
where paired adjacent rings have a direct current (DC) voltage applied, creating an ion 
barrier. The DC voltage can then be stepped along the ring ion guide, moving the ion 
barrier forward. As this process is continued and repeated down the ring ion guide, a 
travelling wave is produced carrying ions through the device. Ions are pushed forward 
by the wave while colliding with inert gas molecules, where ions with a larger CCS 
experience more collisions, thus a slower travelling time. The velocity and magnitude of 
the travelling wave can be modified to increase ion separation and resolution.250,252  As a 
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non-uniform potential is applied to the mobility cell, collisional cross section cannot be 
 
directly derived from drift time, but must be calculated using calibration standards of 
known collisional cross section.250 This system coupled with a quadrupole time-of-flight 
(Q-ToF) mass spectrometer (Waters Synapt™ HDMS) became commercially available in 
2006, offering improved mass spectral sensitivity over other IMMS methods, such as 
 
DTIMS.253 
 
DC(+) 
 
 
 
 
Ions In Ions Out 
 
 
 
 
 
 
DC(-) 
 
Figure 1.21 Schematic of TWIMS. Opposing DC voltages (+ve dark grey; -ve light grey) are applied to 
paired adjacent rings, creating a “wave” that pushes ions toward the detector and separates them. Ions 
experience collisions with gas in the ion mobility cell, and they are separated based on collisional cross 
section. 
 
 
In 1995, Clemmer et al.254 utilised the pairing of ESI and DTIMS to analyse different 
conformers of cytochrome c. They found a mixture of native, partially unfolded and 
unfolded protein in the gas phase by calculating the CCS determined from the drift- 
times of the conformers. Since then, IMMS has been utilised to characterise nucleic acid 
complexes such as dsDNA,255 triplexes256 and G-quadruplexes.198,226,229  Bowers and 
coworkers used IMMS to investigate the gas phase stability of B-DNA to determine if 
the desolvated B-DNA retained its solution phase conformation. By comparing the CCS 
obtained from IMMS with theoretical values from MD simulations, the gas phase and 
solution phase conformations could be compared. It was found that the double helix is 
maintained in the gas phase when the helix is >10 bp.257 As dehydrating conditions can 
cause B- to A-DNA transitions, further IMMS work also found that although GC-rich 
helices were more stable in the gas phase than AT,258 GC-rich DNA with <22 bp, was 
converted to A-DNA. In  contrast, mixed-base B-DNA (GC and  AT) maintained 
conformation when ≥ 18 bp,255 indicating that preservation of the B-DNA was size- and 
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sequence-dependent.  IMMS  was  also used to determine that the solution  phase 
 
conformations of G-quadruplex structures were maintained in the gas phase under 
certain conditions.229 The work by Bowers and coworkers highlights the relevance of 
IMMS  studies as an added technique for conformational  studies of non-covalent 
complexes. 
 
1.7       Scope of thesis 
 
This work aims to characterise and identify qDNA-selective ligands; moreover, ligands 
that are selective for different conformations  of qDNA. Such characterisation was 
undertaken by combining gas phase techniques such as ESI-MS and ESI-TWIMS, with 
solution phase analysis using CD spectroscopy and FRET techniques.  This work is 
divided into two parts: Part I encompasses the characterisation of different qDNA forms 
and ligand selectivity for these structures, and Part II draws on these findings  to 
investigate potential biologically relevant structures through the use of simple models. 
 
Part I  –  Chapter 3 describes the optimisation  of  conditions  to form  different 
intramolecular qDNA conformations in NH4OAc solutions to permit ESI-MS 
characterisation. The relative binding affinities of a set of berberine derivatives were 
determined using ESI-MS and CD spectroscopy, to identify ligands selective for qDNA 
over dsDNA. Chapter 4 builds on this work and characterises qDNA structures that are 
formed in strontium-, potassium- and sodium-containing solutions. ESI-MS and ESI- 
TWIMS were combined to investigate a tetramolecular qDNA, and MD simulations 
were used to explore ligand binding to qDNA at the atomistic level. These studies were 
conducted to investigate the effect of altering the 13-substitution of the berberine 
derivatives on binding to qDNA and dsDNA. 
 
Part II – Chapter 5 describes the use of ESI-MS and ESI-TWIMS to investigate a simple 
model of the telomerase RNA unit binding to telomeric DNA. An equilibrium between 
a DNA/RNA  hybrid  duplex and a G-quadruplex was explored, and the effect of 
disrupting this equilibrium through ligand binding was determined. Chapter 6 uses a 
telomeric DNA model which consists of a dsDNA region with a 3 single-stranded 
overhang capable of forming a G-quadruplex. Using a multi-wavelength approach, CD 
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spectroscopy was used to characterise the different structures formed in the model 
 
system and characterise ligand binding  and selectivity for each structure. This was 
supported by FRET competition assays and ESI-MS studies of ligand binding to confirm 
ligand selectivity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 2 
 
MATERIALS AND METHODS 
 
 
 
 
 
2.1       Materials 
 
All materials were purchased at the highest grade available, unless otherwise stated. 
MilliQ™  water (Millipore,  Bedford, USA)  was used in  all experiments. Potassium 
chloride (KCl), lithium hydroxide (LiOH), sodium chloride (NaCl), and cacodylic acid 
were purchased from  Sigma-Aldrich (Castle Hill, Australia). Methanol (MeOH), 
ethanol (EtOH; analytical reagent grade), acetonitrile and ammonium acetate 
(NH4OAc) were purchased from Ajax Finechem (Seven Hills, Australia). 
 
2.2       Oligonucleotides 
 
Oligonucleotides were purchased from Sigma-Aldrich at PCR grade. RNA 
oligonucleotides and fluorescently-labelled DNA were purchased from Sigma-Aldrich at 
HPLC purification grade. Relevant DNA and RNA sequences used in this work are 
listed in Table 2.1. 
 
2.2.1        Purification of oligonucleotides 
 
Dried DNA oligonucleotides were purified when required using a Waters 1525 Binary 
HPLC pump fitted with a C18 octadecylsilyl  column (8 x 100 mm Waters Delta Pak™ 
Radial Pak™ cartridge,  15  μm,  300 Å). The column  was equilibrated using 0.01 M 
NH4OAc. The DNA was dissolved in 1 mL of 0.01 M NH4OAc and was loaded onto the 
column using a Rheodyne injector. DNA was eluted using a linear gradient of 0 - 60% 
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acetonitrile in 0.01 M NH4OAc with a flow rate of 1 mL/min over 30 minutes. Eluent 
 
containing DNA was collected and freeze-dried using a Savant Speed Vac (Selby Biolab, 
Australia). DNA was redissolved in MilliQ™ water and the concentration of the stock 
solution was determined from the UV absorbance at 260 nm using a UV-vis 
spectrophotometer (Shimadzu). Molar absorption coefficients for each oligonucleotide 
were calculated using the nearest-neighbour model in the ATD Bio Oligonucleotides 
Property Calculatora and are listed in Table 2.1. Stock solution purity was assessed in 
50% acetonitrile with 10 mM NH4OAc using negative ion ESI-MS (refer to section 2.4). 
DNA stock solutions were stored at -20 °C. 
 
Table 2.1 List of oligonucleotides used and their properties 
 
 
Name Base sequence (5' – 3') 
 
 
G-quadruplex forming sequences 
 
Molecular Massa 
(Da) 
Molar absorption 
coefficienta 
(M-1.cm-1) 
 
7GGT TTAGGGT 2 151.4 69 800 
22AG AGGG(TTAGGG)3 6 966.5 228 500 
12GGT (GGTTAG)2 3 756.5 123 600 
D1a22AG C2(TC)2TG2AC2T2C2-TT-AGGG(TTAGGG)3 12 380.9 374 400 
 
Watson-Crick duplex-forming sequences 
D1a C2(TC)2TG2AC2T2C2 4 744.1 130 700 
D1b G2A2G2TC2(AG)2AG2 5 020.3 168 500 
ds26c CAATCGGATCGAATTCGATCCGATTG 7 970.2 253 200 
RNA-based sequences 
 
12rCU (CUAACC)2 3 698.3 110 800 
 
Fluorescently-labelled sequences 
 
F21T FAM-GGG(TTAGGG)3-TAMRAb 7 814 215 000 
 
FdxT c FAM-(TA)2GC(TA)2 – hexaethylene glycol – - - 
(TA)2GC(TA)2-TAMRA 
 
a Calculated using http://www.atdbio.com/tools/oligo-calculator 
b 6-Carboxyfluoroscein (FAM) and 6-carboxytetramethylrhodamine (TAMRA) 
c Oligonucleotides supplied by the Mergny group (France) 
 
 
 
 
 
 
 
 
a http://www.atdbio.com/tools/oligo-calculator 
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2.2.2        Preparation of secondary oligonucleotide structures 
 
The folding  conditions for each structure formed  are shown  in Table 2.2. These 
conditions are the standard conditions used throughout this work based on 
optimisations described throughout the text. Some folding conditions use a lithium 
cacodylate (LiCaco) or a potassium cacodylate (KCaco) solution. The LiCaco solution 
was prepared using 20 mM cacodylic acid titrated with of 1 M LiOH until reaching the 
desired pH (pH 7.3). To prepare the KCaco buffer, a 1 M solution of cacodylic acid and 
potassium hydroxide was prepared and HCl was used to reach the desired pH (pH 6.8). 
Solutions were stored at 4 °C and the pH was regularly checked. 
 
 
 
 
 
 
 
 
Table 2.2 Folding conditions for the oligonucleotide secondary structures studied 
 
 
Sequence 
 
Structure 
DNA 
concentration 
 
Folding buffer 
 
Folding methoda 
In text 
referencesb 
 
22AG 
 
Intramolecular, parallel 
 
1 mM 
 
150 mM NH4OAc (pH 6.8) 
 
Cool slowly over 24 h 
 
Section 3.4 
 Intramolecular, mixed hybrid/antiparallel 0.5 mM 150 mM NH4OAc (pH 6.8) Snap annealc Section 3.4 
 Antiparallel 1 mM 100 mM NaCl + 10 mM LiCaco (pH 7.3) Snap annealc Section 4.3.1 
 Hybrid 1 mM 100 mM KCaco (pH 6.8) Snap annealc Section 4.3.4 
 
7GGT 
 
Tetramolecular, parallel 
 
1 mM 
 
150 mM NH4OAc + 2.5 mM SrCl2 (pH 
6.8) or 100 mM KCaco (pH 6.8) 
 
Cool slowly over 72 h 
 
Section 4.2 
 
12GGT Intermolecular, antiparallel dimer 1 mM 150 mM NH4OAc (pH 6.8) Cool slowly over 24 h Chapter 5 
 DNA/RNA hybrid duplex 0.5 mM 12GGT 150 mM NH4OAc (pH 6.8) Cool slowly over 24 h Chapter 5 
  0.5 mM 12rCU    
 
D1 dsDNA 1 mM D1a 
1 mM D1b 
100 mM NH4OAc (pH 6.8) Heat to 70 °C for 10 min, 
cool slowly over 24 h 
Section 3.3 
 
D122AG Duplex with antiparallel qDNA 
 
Duplex with mixed hybrid/antiparallel qDNA 
1 mM D1b 
1 mM D1a22AG 
1 mM D1b 
100 mM NaCl + 10 mM LiCaco (pH 7.3) 
 
150 mM NH4OAc (pH 6.8) 
Snap annealc 
 
Snap annealc 
Chapter 6 
 
Chapter 6 
  1 mM D1a22AG    
a Unless otherwise stated, all samples heated to 95 °C for 10 minutes. 
b First reference in text, not an exhaustive list 
c Cooling sample rapidly on ice 
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2.3       Ligand preparation 
 
The berberine derivatives used in this work (Figure 2.1) were synthesised by Dr Siritron 
Samosorn  (Srinakharinwirot  University, Thailand).  Stock solutions (~1 mM)  were 
prepared by dissolving the appropriate amount  of  compound  in  60%  methanol. 
Accurate stock concentrations were calculated using experimentally derived absorption 
coefficients (refer to section  2.3.1). Purity was checked using mass spectrometry. 
 
O O 
Br Br 
O N O N 
 
O  O 
C3H7O O 
 
O O 
 
SST12 
 
MW: 474.34 gmol
-1
 
M
-1
.cm
-1
: 19 000 ± 170 
SST16 
 
MW: 572.45 gmol
-1
 
M
-1
.cm
-1
: 15 700 ± 100 
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N 
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O  O 
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O F O 
 
SST26 
 
MW: 558.51 gmol
-1
 
M
-1
.cm
-1
: 12 100 ± 150 
SST29 
 
MW: 540.38 gmol
-1
 
M
-1
.cm
-1
:  17 500 ± 180 
 
 
 
 
 
 
 
 
 
 
 
 
 
SST41 
 
MW: 357.79 gmol
-1
 
M
-1
.cm
-1
: 9 640 ± 130 
 
Figure  2.1 Berberine derivatives used in this work, listed with molecular weight and absorption coefficient 
(at 350 nm for 13-substituted ligands, and 380 nm for SST41) and the associated standard deviation, 
calculated from 3 or more measurements. The substituent is coloured red with the berberine backbone in 
black. The numbering of carbon atoms is shown on SST41 in red. 
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2.3.1         Determining ligand extinction coefficients 
 
An appropriate mass of each ligand was accurately weighed to produce stock solutions 
of 1 – 2 mM in 60% methanol. The stock solution was diluted to a concentration range 
of 5 – 20 μM  in 60%  methanol. The absorbance maxima  for each sample were 
determined using a UV wavelength scan between 550 – 200 nm and the change in 
absorbance was recorded for each sample. The set of berberine derivatives exhibited 
absorption maxima at 231, 265 and 350 nm (the latter being 388 nm for SST41). The 
wavelength monitored for all compounds was 350 nm, with the exception of SST41 
which was monitored at 388 nm. Absorbance versus concentration was plotted and the 
absorption coefficient determined for each compound (Figure 2.1). 
 
2.3.2        Preparing ligand-oligonucleotide mixtures 
 
Ligands were added to annealed DNA samples at the required concentrations. The 
DNA-ligand samples were then diluted with the DNA annealing solution and left to 
equilibrate for 10 min prior to analysis. 
 
2.4       Mass Spectrometry Analysis 
 
Mass spectra were collected in negative ion mode using either a Waters extended mass 
range Q-ToF Ultima™ (Manchester, UK)259  or a Synapt™ G1 HDMS™ ESI mass 
spectrometer (Manchester, UK). Instruments were calibrated before use with caesium 
iodide in MilliQ™ water (1 mg/mL). A Harvard Model 22 syringe pump (Natick, USA) 
was used to inject samples at a flow rate of 5 – 10 μL/min. Spectra  were combined from 
at least 25 acquisitions, baseline subtracted and smoothed using the Savitzky-Golay 
method. Instrument conditions (detailed below) were optimised for each experiment to 
produce the best possible spectra. 
 
2.4.1        Waters Q-ToF Ultima™ conditions 
 
DNA samples were annealed as described in section 2.2.2. All samples were diluted to a 
final  molecular  concentration of  10  μM  in  150 mM  NH4OAc  for  MS  analysis. 
Instrument parameters detailed in Table 2.3 were used for majority of experiments. 
Where conditions  were different, these are detailed in  the text. Optimisation  of 
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parameters for different sequences and secondary structures are described within the 
 
relevant experimental chapters. 
 
Table 2.3 List of Waters ESI Q-ToF Ultima™ parameters used for the majority of experiments. 
 
MS Parameter Value 
Capillary (V) 2100 
Cone (V) 30 
Source temperature (°C) 35 
RF lens 1 energy  (V) 55 
Desolvation gas flow (L/hr) 150 
Desolvation Temperature (°C) 80 
Collision Energy (V) 4 
MCP (V) 1850 
Ion optic region pressure (mbar) 3.60 
 
 
 
 
2.4.2        Waters Synapt™ HDMS™ conditions 
 
DNA samples were annealed as described in section 2.2.2. All samples for analysis were 
diluted to a final molecular concentration of 5 - 10 μM in 150 mM NH4OAc. Instrument 
parameters for ESI-MS and IMMS are detailed in Table 2.4 and Table 2.5, respectively. 
Optimisation  of  parameters for  different  sequences and  secondary structures are 
detailed within the relevant experimental chapters. 
 
Table 2.4 ESI-MS conditions for experiments using Synapt™ HDMS™ 
 
MS Parameter Value 
Capillary (V) 2100 
Cone (V) 45 
Source temperature (°C) 30 
Extraction cone (V) 4 
Desolvation gas flow (L/hr) 150 
Desolvation temperature (°C) 80 
Trap collision energy (V) 4 
Transfer collision energy (V) 4 
MCP (V) 1900 
Trap DC Bias (V) 5 
Backing pressure (mbar) 3.70 
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Table 2.5 Synapt™ HDMS™ ESI-MS conditions for IMMS experiments 
 
IMMS Parameter Value IMMS Parameter Value 
Capillary (V) 2100 IMS gas flow (mL/min) 32.00 
Cone (V) 45 MCP (V) 1900 
Source temperature (°C) 30 IMS DC entrance (V) 5.0 
Extraction cone (V) 4 IMS DC exit (V) 2.0 
Desolvation gas flow (L/hr) 150 Trap DC Bias (V) 10 
Desolvation temperature (°C) 80 Wave velocity (m/s) 300 
Trap collision energy (V) 4 Wave height (V) 8.0 
Transfer collision energy (V) 4 Backing pressure (mbar) 3.70 
 
 
 
2.5       Circular dichroism spectroscopy 
 
CD spectra were acquired using a Jasco J-810 circular dichroism spectropolarimeter 
fitted with a Peltier heating/cooling device set to 25 °C. Samples were diluted to 10 – 
20 μM molecular concentration in the relevant buffer and spectra were collected using a 
 
0.1 cm quartz cell. The average of 6 scans (λ = 450 – 200 nm) were recorded with a scan 
speed of 100 nm/min, a data pitch of 0.1 nm, response time of 2 sec and a band width of 
1 nm. All spectra were baseline corrected with the appropriate buffer. 
 
 
Thermal stability measurements were conducted over a temperature range of 25 – 95 °C 
increased at a rate of 1 °C/min,  unless otherwise stated. The quartz cell was sealed with a 
lid and parafilm to minimise sample evaporation. Data were fitted with a four parameter 
equation using GraphPad Prism v5.04 to calculate the Tm. 
 
2.6       Fluorescence energy resonance transfer (FRET) assays 
 
F21T (Table 2.1) was used for FRET melting assays. DNA was annealed at 0.2 μM 
oligonucleotide concentration in 10 mM LiCaco (pH 7.3) with either 100 mM NaCl or 
KCl. The sample was heated at 95 °C for 2 min and then placed immediately on ice for 
10 min. Ligand stock solutions (100 μM) were diluted with the appropriate amounts of 
H2O to produce stock solutions at 5 times the concentration to be used in experiments. 
The final concentrations of ligand were achieved by a 5-fold dilution (5 μL of ligand to 
20 μL of DNA) in the sample well and were 0 μM, 1 μM, 3 μM, 6 μM, 9 μM and 12 μM. 
Melting assays were carried out using a Roche LightCycler® 480 Instrument II (Roche 
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Life Sciences) and white Roche-branded 96-well plates and qPCR films. Fluorescence 
 
was monitored using a FAM filter detecting emission at 510 nm. Software/instrument 
restrictions prevented a 1 °C/min   temperature ramp for temperatures below 37 °C 
(described further in Chapter 4); consequently,  a method  protocol was generated 
consisting of two programs. Program 1 used the ‘Melting Curve’ analysis mode, starting 
with a 4 min equilibration at 25 °C.  To produce a ramp rate of 1 °C/min, each 1  °C 
increment was broken into 2 segments, covering a 25 – 69 °C  temperature range, 
totalling 44 segments. In segment 1, an acquisition was taken as the temperature was 
increased by 1  °C (at a ramp rate of 0.29 °C/s). Segment 2 then held at the current 
temperature for 1 min, before the next temperature segment was started. In this way, an 
acquisition was recorded per °C, with a temperature ramp of 1 °C/min.  Program 2 was 
initialised at 70 °C  using the ‘Quantification’ analysis mode. This mode allowed a 
temperature cycle with an increase of 1 °C/min,   with an acquisition following  the 
temperature increase with 25 cycles covering 70 – 95 °C. 
 
Duplicates of each sample were run per assay and the data from at least three separate 
assays were averaged and normalised between 0 and 1 using GraphPad Prism v5.04. 
Data were then fitted with a four parameter equation to calculate the Tm. 
 
2.6.1        Alternate conditions for FRET assays and competition assays 
 
Some of the FRET assays were performed at the Institut Européen de Chimie  et 
Biologie, Université de Bordeaux, France, in the laboratory of Dr Jean-Louis Mergny. 
Materials and equipment were supplied by the Mergny group. Oligonucleotides used 
(F21T, FdxT and ds26, see Table 2.1) were obtained from Eurogentec (Belguim), and 96- 
well plates and caps were obtained from Agilent Technologies (USA). Reagents used 
were purchased from Sigma (USA). 
 
FRET melting assays were performed using a MX3005P-Stratagene qPCR instrument. 
Fluorescence was monitored at 515 nm as temperature was increased from 25 – 95 °C at 
a gradient of 1 °C/min.  DNA (F21T or FdxT) was annealed at 0.2 μM oligonucleotide 
concentration in 10 mM LiCaco (pH 7.2) with 100 mM NaCl. The sample was heated at 
90 °C for 2 min and then placed immediately on ice for 10 min. Ligand stock solutions 
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(100 μM) were diluted with the appropriate amounts of H2O to produce stock solutions 
 
at 5 times the concentration to be used in experiments. The final concentrations of 
ligand were achieved by a 5-fold dilution (5 μL of ligand to 20 μL of DNA) in the sample 
well and were 0 μM, 1 μM, 3 μM, 6 μM, 9 μM and 12 μM. Samples were run in duplicate 
per assay and the data from at least three separate assays were averaged and normalised 
between 0 and 1 using Graphpad. Data were then fitted with a four parameter equation 
to calculate the Tm. 
 
For competition assays, a non-fluorescent competitive molecule (dsDNA) was added to 
the sample mix to a final DNA concentration of 0 μM, 3 μM and 10 μM. The dsDNA 
was annealed under the same conditions as the fluorescent oligonucleotide (F21T) (as 
above). The concentration of folded F21T was kept at 0.2 μM. Ligand was added to a 
final concentration of 0 μM and 7 μM. The sample volume per well was 25 μL (15  μL of 
F21T, 5 μL of ds26 and 5 μL ligand). 
 
2.7       Calculating thermodynamic properties 
 
The enthalpy (ΔH), entropy (ΔS) and Gibbs-free energy (ΔG) for qDNA unfolding were 
calculated using the van’t Hoff analysis, assuming a two-state equilibrium.207  CD and 
FRET melting data were baseline corrected by normalising the linear region of each 
thermal melting profile (~0.150 < folded fraction (θ) < 0.850).260 The affinity constant 
(Ka) for intramolecular qDNA was determined using equation 2.1, and duplex DNA 
using  equation 2.2, where  θ    is the folded  fraction and  Co   is the initial  strand 
concentration.207 
 
Ka = θ / (1 – θ) (2.1) 
 
Ka = θ /2·Co· (1 – θ)2                                                                         (2.2) 
The natural log (ln) of Ka was plotted as a function of the inverse of temperature (T) in 
Kelvin (ln(Ka) vs. 1/T). A linear regression model was fitted to the data using Graphpad 
Prism v5.04, where the slope is –ΔH/R (R is the gas constant in kJ.K-1.mol-1), and the y- 
intercept is ΔS/R. The ΔG of unfolding at 310 K was calculated using equation 2.3. 
 
ΔG = Δ H – T·ΔS (2.3) 
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2.8       Computational simulations 
 
 
2.8.1        Docking studies 
 
A selection of nucleic acid structures was chosen from the Protein Data Bank (PDB) for 
docking studies. Table 2.6 lists the structures used for docking and the corresponding 
box dimensions.  Each structure was prepared using  AutoDockTools v1.5.6.261   For 
nucleic acid structures taken from solution NMR experiments, the first model in the 
NMR  ensemble was  chosen for  docking. Ligand  structures were prepared using 
ChemDraw  v14.0, and converted to three-dimensional structures using OpenBabel 
v2.3.2.262   Docking uses a united atom approach;  therefore, non-polar hydrogens of 
ligands are incorporated into the heavy atoms using Avogadro v1.1.1,263  and 
AutoDockTools was used to assign rigid and rotatable bonds and to remove non-polar 
hydrogens. Docking was performed in a box of set dimensions (Table 2.6) to surround 
the DNA molecule with adequate spacing to accommodate ligand binding. Docking 
calculations were run using AutoDock Vina v1.1.2264 and the outputted binding affinities 
(kcal.mol-1) were converted to kJ.mol-1. 
 
Docking  calculations were run  on  the High  Performance  Cluster located at the 
 
University of Wollongong. 
 
Table 2.6 Structures, the corresponding PDB ID’s, acquiring method and the box dimensions used for 
ligand docking 
 
Structure PDB ID Method Box dimensions 
dsDNA 1BNA11 X-ray diffraction 55 Å x 65 Å x 120 Å 
Tetramolecular, parallel qDNA 1NP986 Solution NMR 70 Å x 68 Å x 90 Å 
Basket-type, antiparallel qDNA 143D94 Solution NMR 80 Å x 80 Å x 80 Å 
Hybrid (form 2) qDNA 2HY9265 Solution NMR 88 Å x 86 Å x 66 Å 
Intramolecular, parallel qDNA 1KF197 X-ray diffraction 50 Å x 50 Å x 50 Å 
 
 
 
 
2.8.2        Molecular dynamics (MD) simulations 
 
MD simulations were run using the docked complexes described above as the starting 
coordinates. Simulations of each qDNA structure were completed with and without 
ligand bound. Structures and ligands used for MD simulations are summarised in Table 
2.7. System preparation was done with VMD v1.9.2.266 Each simulation was prepared by 
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solvating the system in a water box, with the box dimensions extending ~7 Å from the 
 
surface of the DNA. The system was then neutralised with excess salt (0.15 M) of either 
NaCl or KCl, depending on the G-quadruplex (Table 2.7). Structures derived from 
NMR spectroscopy (antiparallel and tetramolecular qDNA) did not contain coordinates 
for central cations within the G-quadruplex; therefore, central cations found within the 
core of the G-quadruplex were positioned manually using randomly selected cations 
(Na+  or K+) from the surrounding solution. Sodium ions were placed in the plane of the 
G-tetrad,267  and potassium ions were placed centrally between G-tetrads.268  Simulations 
were performed using the NAMD  v2.10 package,269 and employing the CHARMM36 
force field for nucleic acid parameters.270 Parameter and topology files for each ligand 
were generated by the CHARMM general force field interface v1.0.0,271  for use with the 
CHARMM  general force field v3.1.1.272,273   All systems were simulated with periodic 
boundary conditions. Temperature was maintained at 298.15 K using the Langevin 
algorithm, and the pressure was kept constant at 1.0 bar using the Langevin Piston 
Nosé-Hoover method.274  Electrostatic interactions were calculated with the Particle 
Mesh Ewald method.275 Non-bonded interactions were treated with a 12 Å cut-off  and a 
smoothing function between 10 and 12 Å. All bonded interactions with hydrogen were 
 
kept rigid with the RATTLE algorithm.276 The integration time step was set to 1 fs, 2 fs 
and 4 fs for bonded, non-bonded and long range electrostatic interactions, respectively. 
All simulations were run in triplicate. A minimisation of 1000, 2000 and 3000 steps was 
completed to generate each separate starting structure. Simulations were run for a total 
of 53 ns, including a 3 ns equilibration time. During equilibration, a harmonic restraint 
was placed on all phosphate atoms of the nucleic acid and all carbon atoms of the ligand, 
with a decreasing force constant of 10 kcal.mol-1.Å-2  over 3 ns. The force constant was 
halved every 1  ns until  a force constant of  1.0  kcal.mol-1.Å-2   was achieved. The 
simulations then ran for 50 ns with no restraints applied. Snapshots were taken every 
picosecond for trajectory analysis. 
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Table 2.7 Summary of qDNA structures, the respective ligand-bound structures and the salt conditions 
used in MD simulations. 
 
Structure Ligand Salt conditions 
Tetramolecular, parallel qDNA SST16 
SST29 
SST41 
Basket-type, antiparallel qDNA SST16 (2 modes) 
SST26 
SST29 
Intramolecular, parallel qDNA SST16 (3 modes) 
SST26 
SST29 
KCl 
NaCl 
KCl 
 
 
 
 
Root mean square deviation (RMSD) of the nucleic acid backbone was calculated with 
 
respect to the initial structure to monitor  the movement of DNA  during the MD 
simulations. To determine the movement of ligand over the course of the simulation, 
the RMSD for the heavy atoms of the ligand was calculated by superimposing the 
nucleic acid with respect to the initial reference structure. VMD was used to generate 
RMSD plots with every 250th frame (0.25 ns) of the trajectories as reference. 
 
MD simulations were run on the GPU nodes of the Raijin supercomputer based at the 
 
Australian National Computational Infrastructure, in Canberra. 
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PART I 
 
CHARACTERISING G-QUADRUPLEXES Characterisation of 
different structures of qDNA is required to understand their roles in biological processes 
such as telomerase activity. There have been a number of studies that highlight the 
polymorphic nature of G-quadruplexes, in particular, intramolecular human  telomeric  
qDNA.  Structural variability  can  be  induced  by  altering  the concentration and 
type of stabilising cation,79,87,95,96  DNA annealing time,277 and DNA concentration.278,279  
For example, in the solution phase, the human telomeric sequence 
22AG (d[AGGG(TTAGGG)3]) predominantly forms an antiparallel-type G-quadruplex 
in  the presence of  sodium,94   while  in  potassium the hybrid-type and  chair-type 
conformations have been reported.99 In contrast, molecular crowding conditions induce 
an all parallel-stranded G-quadruplex in the presence of potassium.96,203,279 
 
In 1991, Zahler et al.149 demonstrated the inhibitory effect of G-quadruplexes on ciliate 
telomerase extracted from Oxytricha nova. The study used repeats of different length of 
the Oxytricha telomeric sequence d[TTTTGGGG] in the presence of either 20 mM Na+ 
or K+. The formation of qDNA was examined using gel mobility, but no further 
investigations were undertaken to characterise the conformation of the qDNA (number 
of strands, parallel or antiparallel, etc.). Telomerase activity was significantly inhibited 
when K+-induced qDNA was used as the substrate; however, no further conclusions 
could be drawn regarding the structural specificity of the effects on telomerase. Later, 
Oganesian et al.280 used purified Tetrahymena thermophila telomerase to study whether 
the formation of qDNA affected the enzymatic activity. A key aspect of this study was 
the gel purification of individual qDNA structures formed in either K+ or Na+  in order 
to address the issue of heterogeneity of the substrate (qDNA) in the enzymatic activity 
assays. Antiparallel, intramolecular G-quadruplexes stabilised by Na+   exhibited low 
thermal stability and were able to be extended by telomerase. The parallel, 
intermolecular G-quadruplex formed  in the presence of K+  exhibited high thermal 
stability; however, it also acted as a substrate of telomerase. Tetrahymena telomerase 
failed to extend intramolecular, antiparallel G-quadruplexes formed in K+ regardless of 
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the lowered thermal stability in comparison to its parallel counterpart.280 More recently, 
 
purified human  telomerase has been shown to extend a parallel, intermolecular G- 
quadruplex (formed  from  two strands of 22AG) stabilised in Sr2+, regardless of the 
thermal stability being >90 °C.281   The antiparallel, intramolecular 22AG cannot be 
extended by telomerase; however, it is in equilibrium  between folded and unfolded 
states, where the linear form is established as a substrate for telomerase.281  Thus, while 
qDNA  stability is an important factor in telomerase inhibition,  characterising the 
conformation of qDNA is critical in understanding the substrates of telomerase. 
 
Chapters 3 and 4 aim to characterise intramolecular and intermolecular qDNA formed 
under different folding conditions, and investigate ligand binding selectivity with a 
series of berberine derivatives. Characterising ligand binding selectivity for different 
G-quadruplex conformations is essential in discovering compounds which may be used 
to probe  telomerase activity (e.g.  telomerase activity is  impeded  by  antiparallel 
G-quadruplexes), and its effects on other cell processes. 
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CHAPTER 3 
 
CHARACTERISING AMMONIUM-STABILISED 
 
G-QUADRUPLEXES 
 
 
 
 
 
3.1       Introduction 
 
Understandably,   it  is  of  great  interest  to  characterise qDNA   structures  in 
biologically-relevant buffers (those containing K+). However, the characterisation of 
ammonium-stabilised G-quadruplexes is essential for ESI-MS investigations, as high 
concentrations of potassium (or sodium) are not suitable for this method of detection. It 
 
has been established that G-quadruplexes stabilised by NH + can be detected in the gas 
 
phase and  their structures can be conserved (see section 1.6.2).227,229,237   To  date, 
 
antiparallel qDNA  structures have been predominantly  represented in work 
characterising the NH +-stabilised intramolecular qDNA (containing 4 or more guanine- 
tracts).82,225,229,237  However, direct comparisons between various studies in the literature 
are  often  difficult   as  the  details  of  annealing/folding  conditions  (e.g.   DNA 
 
concentration, cooling rate, and NH + 
 
concentration) are often not reported or not 
 
considered in the analysis of the results. For example, Smargiasso et al.82 examined a 
 
telomeric DNA containing 4-guanine tracts with 3-nt loop regions by CD spectroscopy 
and ESI-MS.  For CD analysis, the DNA was annealed/folded at 5 μM DNA 
concentration compared with 50 μM DNA concentration for mass spectrometry 
analysis. Both samples were heated and then rapidly cooled on ice to induce qDNA 
formation where an intramolecular antiparallel qDNA was formed.82 Balthasart et al.228 
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annealed 100 μM dG4(T4G4)3 in 150 mM NH4OAc with an overnight cooling period. In 
 
this instance, no further analysis was reported to confirm the qDNA conformation, 
rather the structure was hypothesised from NMR  structures previously obtained by 
Podbevsek et al.225 using the same sequence but at 1.8 mM DNA concentration in 40 
mM  NH4Cl. In other studies, the DNA  concentration has been shown  to have a 
significant effect on the structure (see section 3.4 and Li et al.282). Given the polymorphic 
nature of the 22AG human telomeric sequence and the range of annealing conditions 
reported for  it  and  similar  sequences, a  portion  of  this thesis is  dedicated to 
characterising the NH +-stabilised qDNA  in our hands. Characterising the different 
conformations   of   the  NH +-stabilised  22AG  G-quadruplex  is   imperative   to 
understanding ligand-binding interactions and possible qDNA structural selectivity the 
ligands may exhibit. 
 
This chapter aims to identify conditions under which different qDNA conformations 
 
form in the presence of NH + as the stabilising cation. The binding of a set of berberine 
 
derivatives is also investigated to determine the binding selectivity (if any) of the ligands 
 
for G-quadruplex structures over dsDNA. 
 
3.2       Berberine derivatives 
 
Berberine, an isoquinoline alkaloid, has been shown previously to bind to dsDNA and 
 
G-quadruplex DNA.181-185  An increase in qDNA selectivity can be achieved by adding a 
 
13-substitution.184 Previously, our laboratory has investigated the qDNA selectivity of a 
range of berberine derivatives with polyaromatic substitutions.183,184  In this thesis, we 
have selected a range of 13-methoxy-linked berberine derivatives to compare the effect 
of alkyl chain substitutions: short versus long chain (SST12 and SST26, respectively) 
(Figure 3.1a, b); and aromatic substitutions: 2-naphthyl (SST16) versus fluorobenzyl 
(SST29) substitutions. Finally, SST41 (berberrubine) is not substituted at position 13, but 
exists as a keto-enol tautomer displaying an equilibrium between the zwitterionic and 
quinoid forms (Figure 3.1f and g, respectively), with the zwitterionic form favoured in 
aqueous solution near physiological pH.283,284 
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Alkyl Substitutions 
 
 
 
 
 
 
 
 
 
 
Aromatic Substitutions 
 
 
 
 
 
 
 
 
 
 
Non-substituted 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Berberine derivatives used in this work, listed by substitution type. Berberine backbone is 
shown in black, and the modifications are in red. 
 
3.3       Ligand binding to dsDNA 
 
One of the central aims of this work was to investigate the qDNA structural selectivity of 
a range of berberine derivatives; key to this is determination of the binding affinity of 
the derivatives for qDNA structures in comparison to duplex DNA. The potential use of 
G-quadruplex stabilisers as anticancer therapeutics dictates a need for selectivity for 
qDNA over duplex DNA. However, there are other potential uses for qDNA-selective 
ligands, such as probes for understanding telomeric proteins and their functions. For 
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this reason solution and gas phase screening of binding of the berberine derivatives with 
 
duplex DNA was carried out. 
 
 
3.3.1        ESI-MS screening of ligand binding 
 
ESI-MS was first used to study drug-DNA interactions using the minor groove binders 
distamycin A, pentamidine and Hoechst 33258,217,222  and has since been used to 
investigate ligand binding to other secondary DNA structures, such as G-quadruplexes. 
This method of analysis allows identification of DNA-ligand complex stoichiometries 
and examination of ligand binding specificity by comparing the binding profiles of 
dsDNA-ligand with qDNA-ligand complexes. A Watson-Crick base-paired dsDNA (D1) 
was used to examine the binding of the berberine derivatives. D1 (refer to Table 2.1 for 
sequence) was annealed in 0.1 M NH4OAc, pH 6.8, and analysed using a Waters Synapt™ 
G1 ESI mass spectrometer under the conditions listed in Table 2.4. Figure 3.2 (top panel) 
shows the ESI mass spectrum of D1 under these conditions. The most abundant ions 
observed corresponded to [D1 – 5H]5-  at m/z  1626.4 and [D1 – 6H]6-  at m/z  1393.9. 
Dissociated strands of ssDNA were detected in low abundance at m/z 1580.2 and m/z 
1672.6 for [D1a – 3H]3- and [D1b – 3H]3-, respectively. 
 
 
Figure 3.2 also shows the mass spectra of the DNA binding of the berberine derivatives 
in a 1:12 dsDNA/ligand solution. The dsDNA/ligand mixtures were prepared as 
described in section 2.3.2. With the exception of the mixture containing SST41, the most 
abundant ion in all spectra remained [D1 – 5H]5- at m/z 1626.4, at the greatest ligand 
concentration (120 μM). Furthermore, all present the same binding profile when bound 
to dsDNA, that being a maximum of three ligands bound to dsDNA, irrespective of the 
13-substitution (Figure 3.2). The abundance of ligand-bound dsDNA can be assessed 
relative to free dsDNA by calculating the abundance of each ion as a percentage of the 
sum of the abundances of all ions in the spectrum. Using this method, the full binding 
profile  for  each ligand  concentration can  be expressed graphically  (Figure 3.3). 
Comparing the relative abundances of ligand-bound dsDNA it is evident there is no 
substantial difference in binding affinities of the 13-substituted berberine derivatives to 
D1 dsDNA. 
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Figure 3.2 Negative ESI mass spectra of 10 μM D1 in the presence of 120 μM berberine derivatives. Ions in 
blue are [D1 + x ligand – 6H]6-, and those in red are [D1 + x ligand – 5H]5-. Minimal ssDNA was detected 
only as the 5- ions: [D1a – 5H]5- and [D1b – 5H]5-. 
 
 
The most extensive ligand binding to dsDNA was exhibited by SST41 (Figure 3.2 bottom 
panel). A maximum of four ligands bound and the most abundant ion (m/z  1680.6) 
corresponded to [D1 + 1xSST41 – 6H]6-. At the highest ligand concentration, the sum of 
all  relative abundances relating  to  SST41-bound dsDNA  represents 78%  of  the 
abundance of all ions in the spectrum. Comparatively, the 13-substituted berberine 
derivatives exhibited ~50% relative abundance at this ligand concentration. 
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The extent of SST41 binding is not unexpected given the lack of substitution on the 13 
 
position. It is expected that SST41 would exhibit a similar binding mode to berberine 
which differs only by a hydroxy group at the C9 position. Our laboratory and others 
have previously shown that berberine binds non-selectively to duplex DNA, irrespective 
of  the oligonucleotide  sequence.184,285    Investigations of  binding  mode  are further 
explored in section 3.3.2. 
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Figure 3.3 Summary of ligand binding to dsDNA as determined by negative ESI-MS. The abundance of 
ligand-bound dsDNA was assessed by calculating the abundance of each ion as a percentage of the sum of 
the abundances of all ions in the spectrum. 
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3.3.2        Determination of ligand binding mode with dsDNA 
 
The binding mode of berberine with duplex DNA remains inconclusive; both 
intercalation and minor  groove binding have been proposed.182,186-188  Mazzini et al.182 
hypothesised that berberine interacts with the minor  groove of duplex DNA 
preferentially at AT-rich regions. To exclude berberine as an intercalator, the distortion 
of the phosphate backbone was monitored using 31P NMR upon addition of berberine. 
Using this method there was minimal  distortion of the DNA backbone, with a small 
increase in  minor  groove width, consistent with  minor  groove binding.182   It was 
proposed the convex side of berberine aligned with the minor groove of dsDNA and the 
positively-charged amine  group  interacted with  the negatively-charged phosphate 
backbone.182 Based on the structural similarity between berberine and berberrubine 
(SST41) one would expect a similar binding mode. 
 
Molecular docking techniques provide a platform to study the interactions and binding 
modes of small molecules with nucleic acids. Molecular docking simulations were 
utilised in order to provide a basis for comparison of possible binding modes of 13- 
substituted ligands  to dsDNA.  There have been several studies to date utilising 
molecular docking to study ligand interactions with dsDNA, triplex DNA  and G- 
quadruplex DNA. Holt et al.286 investigated the agreement of ligand docking studies 
with  X-ray crystallography ligand-DNA  structures. The group  studied DNA 
intercalators (daunorubicin and ellipticine) and minor groove binders (distamycin and 
pentamidine) which all have crystal structures to resolutions of ≤ 2.2 Å for comparison. 
Docking  accuracy was determined  by calculating differences in  the X, Y and  Z 
coordinates between the docked ligands and crystal structure to determine the root 
mean square deviation (RMSD). It was found that docking could place the binding of 
the distamycin, pentamidine  and  daunorubicin  within  2 Å RMSD  of  the crystal 
structure, and ellipticine within 3 Å RMSD, supporting the validity of molecular docking 
with nucleic acids.286 
 
The crystal structure of duplex DNA determined by Drew et al.11  (PDB ID: 1BNA) was 
used as the duplex model for docking the berberine derivatives. The structures and 
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coordinates of the DNA and ligands were prepared for docking using AutoDock tools287 
 
with the methods described in section 2.8.1. The top 20 binding modes for each ligand 
where calculated with Autodock Vina264  and ranked based on the scoring function for 
estimated binding affinities (kJ.mol-1). Our docking results predict both the major and 
minor  groove of the duplex DNA  structure as binding  sites. Table 3.1  shows the 
calculated binding affinity for the top major and minor groove binding mode for each 
ligand. 
 
Table 3.1 Binding affinities of major and minor groove binding modes of the berberine derivatives for 
dsDNA as calculated by AutoDock Vina.264 The highest ranked value for minor and major groove for 
ligand is reported. 
 
Ligand Binding mode Binding affinity 
(kJ.mol-1) 
SST12 major groove 
minor groove 
-28.9 
-30.1 
 
SST26 major groove 
minor groove 
-28.0 
-28.9 
 
SST16 major groove 
minor groove 
-31.4 
-34.7 
 
SST29 major groove 
minor groove 
-32.6 
-34.7 
 
SST41 major groove 
minor groove 
N/A 
-38.5 
 
 
 
 
Minor groove binding was the top binding mode for each berberine derivative. The alkyl 
 
and aromatic 13-substituted berberine derivatives exhibited binding in both the major 
and minor groove of DNA; however, all binding modes for SST41 were in the minor 
groove. Figure 3.4 shows a representation of the top binding mode of SST41 with duplex 
DNA. The convex side of SST41 interacts with the groove of the DNA and the amine 
group faces toward the phosphate backbone. This mode of binding has previously been 
proposed for berberine.182 It is important to note that docking utilises a static target and 
a flexible substrate (DNA and ligand, respectively), meaning the bond angles and atoms 
of DNA are fixed while the ligand contains rotatable bonds but fixed bond angles. This 
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can lead to a misrepresentation of binding modes given that DNA intercalation would 
 
require distortion of the backbone and separation of the bases. Docking programs, like 
AutoDock Vina,264 have previously been used to study DNA intercalation; however, this 
requires using a DNA  target pre-modified to accommodate ligand intercalation.288 
Chatterjee et al.289  recently reported docking experiments describing an intercalative 
binding mode for 13-pyridinealkyl berberine derivatives. In this case, the DNA targets 
used for docking were only 6 bases long, therefore the DNA fragments are too short to 
contain a full helical-twist. Furthermore, the DNA structures had been obtained from 
crystal structure coordinates where the DNA that had been co-crystallised with the 
intercalators, nogalamycin and hedamycin. The drug molecules were removed from the 
DNA fragment to obtain DNA structures ready for docking calculations with separated 
bases to accommodate intercalation of the 13-pyridinealkyl berberine derivatives. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 VMD representation of SST41 docked within the minor groove duplex DNA. Atoms in SST41 
coloured as carbon in green; nitrogen in blue; oxygen in red and hydrogen in white. 
 
 
The binding of the remaining berberine derivatives to dsDNA is shown in Figure 3.5. 
SST12 interacts with the minor groove of dsDNA with the N7 of berberine oriented 
towards the groove and the 13-substitution protruding out towards the phosphate 
backbone (Figure 3.5). For SST26, SST16 and SST29 the substitution interacts with the 
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minor  groove and  the berberine backbone is aligned  with  the DNA  phosphate 
 
backbone. 
 
 
 
 
 
 
 
 
 
 
 
SST12 
 
 
 
 
 
 
 
 
 
 
 
SST26 
 
 
 
 
 
 
 
 
 
 
 
SST16 
 
 
 
 
 
 
 
 
 
 
 
SST29 
 
Figure 3.5 VMD representation of the top binding modes for SST12, SST26, SST16 and SST29 (right). The 
highest binding affinity for all ligands occurred with minor  groove binding highlighted in the DNA 
structure (left). 
 
 
3.3.3        Solution phase binding of berberine derivatives with dsDNA 
 
CD was used to study the solution phase binding of the berberine derivatives to dsDNA 
to determine the changes (if any) in DNA conformation and thermal stability upon 
ligand binding. An increase or decrease in ellipticity upon  ligand binding  can be 
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indicative of binding mode and changes in DNA conformation. If the ligand binds as a 
 
dimer, an intense ICD signal is expected (see section 1.6.1).192 The CD signal for dsDNA 
exhibited a positive ellipticity at 270 nm and a negative ellipticity at 240 nm which is 
consistent with B-DNA.290 Addition of a 12-fold molar excess of ligand caused a small 
decrease in molar ellipticity at 270 nm for all ligands tested (Table 3.2). Based on the 
relatively extensive binding exhibited by SST41 in the mass spectra (Figure 3.2), SST41 
was expected to have a greater effect on ellipticity intensity than the remaining ligands. 
This was not observed and might be a consequence of different (yet more extensive) 
binding of SST41 compared with the other ligands. A weak negative ellipticity can be 
associated with DNA intercalation where the ligand is aligned with the helical axis of 
DNA,291 minor groove binding where the ligand transition moment is perpendicular to 
the helical axis,292 or simply poor ligand binding. An important aspect to consider is the 
change in stability of D1 in the presence of ligand, as the mode or extent of binding may 
not necessarily correlate with an increase in DNA structure stability. 
 
The melting point is a measure of thermal stability and is the temperature at which 50% 
of the DNA in solution is unfolded (Tm). For D1, thermal stability was determined by 
monitoring a decrease in ellipticity at 273 nm. The Tm  for ligand-free D1 was 68.4 °C 
(Figure 3.6 blue), and for the 1:12 dsDNA/ligand mixtures of SST26 and SST16 there was 
no change in melting temperature (Figure 3.6 red). The binding of SST41 and SST12 
increased the stability of D1 by 2.4 °C and 2.7 °C, respectively, and SST29 gave a 1.4  °C 
increase in D1 stability. 
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Figure 3.6 CD thermal stability profiles of D1 (blue) with a 12-fold molar excess (red) of the berberine 
derivatives. Bottom right panel shows the CD spectrum of D1 (blue) and the CD spectrum of D1 in the 
presence of SST41 (red). Melting profiles were obtained at a fixed wavelength of 273 nm. 
 
 
Table 3.2 summarises the change in ellipticity and melting temperature D1 in the 
presence a 12-fold molar excess of ligand. The minimal  difference in thermal stability 
suggested the ligand-DNA interaction has a limited effect on the interactions stabilising 
the DNA strands in the duplex. Despite the extent of SST41 binding, as observed in the 
ESI mass spectra (Figure 3.2 bottom panel), the ligand failed to substantially increase the 
stability of D1 in the solution phase. Given the berberine derivatives exhibited poor 
binding and/or limited stabilising effect on D1 (dsDNA) they are useful candidates for 
testing with qDNA for structural selectivity. 
 
Table 3.2 Changes in molar ellipticity (Δ[θ]x10-5) and melting temperature (ΔTm)  of dsDNA (10 μM) 
upon addition of 120 μM ligand. DNA melting was followed at 273 nm. 
 
 SST12 SST26 SST16 SST29 SST41 
Δ[θ]x10-5 -0.8 -0.6 -0.6 -0.6 -0.6 
Tm  (°C) +2.4 0.0 0.0 +1.4 +2.7 
Δ[θ] calculated as Δ[θ] = [θ]DNA - [θ]ligand at 273 nm. ΔTm calculated as difference between free dsDNA (68.4 
°C) and in the presence of x12 ligand concentration. 
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With  the characterisation of  ligand-binding  to D1 for  comparison,  studies were 
 
undertaken to compare binding with qDNA structures. Particular attention was paid to 
carefully describing and controlling annealing conditions and to characterise, as far as 
possible, the qDNA structures present. 
 
3.4       Characterisation of 22AG in ammonium acetate 
 
In addition to DNA  sequence/length, G-quadruplex conformation  is dependent on 
annealing cation, DNA concentration and annealing time. Given the different 
conditions used throughout the literature, a set of conditions and the resultant qDNA 
needed to be characterised in our hands. Different annealing conditions were tested to 
investigate the various qDNA structures formed. 
 
The NH4OAc concentration was kept constant  at 150 mM and DNA concentration (0.02 
mM,  0.05 mM,  0.5 mM  and 1  mM)  was changed to investigate different qDNA 
conformations. Each DNA sample was heated to 95 °C for 5 min and then cooled using 
two different methods: (i) slowly equilibrating to room temperature over 24 h or, (ii) by 
placing  the  sample  immediately  on  ice  (‘snap’ annealing).  Each  sample  was 
characterised using ESI-MS to determine strand stoichiometry and CD spectroscopy to 
determine the overall conformation in the solution phase. 
 
3.4.1        Gas phase analysis of 22AG G-quadruplexes 
For ESI-MS all samples were diluted to 10  μM prior to injection into the source. 
Changes to cone voltage, RF lens 1 and desolvation temperatures can bias the detection 
of NH + ions bound to DNA; high voltages and temperatures can destabilise qDNA 
 
structures leading to a loss of ammonium ions. In comparison, voltages/temperatures 
 
that are inadequate can lead to poor signal-to-noise spectra and DNA ions with excess 
 
NH + associated with the phosphodiester backbone.228 For these reasons, instrument 
 
conditions were chosen to detect 22AG with the best signal-to-noise ratio at the lowest 
 
voltages/temperatures possible (Table 3.3). 
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Table 3.3 List of Waters ESI Q-ToF Ultima™ parameters used for ESI-MS of 22AG samples. 
 
MS Parameter Value 
Capillary (V) 2100 
Cone (V) 30 
Source temperature (°C) 35 
RF lens 1 energy  (V) 55 
Desolvation gas flow (L/hr) 300 
Desolvation Temperature (°C) 80 
Collision Energy (V) 2 
Ion optic region pressure (mbar) 3.60 
 
 
 
 
There was no significant difference in the ESI mass spectra between samples containing 
 
different DNA concentrations and subjected to different annealing times. The mass 
spectrum for the annealed 22AG is consistent with an intramolecular qDNA (Figure 
3.7). The most abundant ion corresponds to [qDNA – 5H]5-  at m/z 1392.3. Two other 
charge states are present at m/z 1740.6 ([qDNA – 4H]4-) and 1160.1 ([qDNA – 6H]6-). 
Ammonium ion adducts were detected to the right of the 5- and 4- charge state peaks, 
however, those of the 4- charge state were of greater abundance relative to the 
[qDNA - 4H]4- ion (Figure 3.7 inset). Baker et al.229 also noted gas phase, intramolecular 
 
qDNA ions without NH + 
 
adducts. Using MS, IMS and MD studies, it was determined 
 
qDNA could maintain its structure in the gas phase without stabilising cations; however, 
 
MD studies suggested the G-tetrads with bound NH 
+
 ions were more planar than those 
 
without.229 Balthasart et al.228  confirmed that the loss of NH + ions from qDNA can be 
 
dependent on the MS instrument and conditions used, and loss of specifically-bound 
 
NH4  can cause destabilisation of the structure in the gas phase.228 
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Figure 3.7 Negative ESI mass spectrum of 22AG qDNA annealed at 1 mM over 24 h. Sample was diluted 
to 10 μM prior to analysis. Inset shows the NH 
+ 
adducts associated with the 4- charge state. There was no 
significant difference in the spectra obtained after different annealing conditions. 
 
 
Given the ions of an intramolecular qDNA can also be assigned as unfolded ssDNA, a 
 
22AG sample was prepared in 5 mM NH4OAc /  50% acetonitrile (v/v) at low DNA 
concentration (10 μM) to investigate the difference (if any) in the distribution of ions in 
ESI-MS. The addition of acetonitrile has been shown to stabilise K+-bound qDNA at low 
acetonitrile concentrations,293 but to cause destabilisation of NH +-folded qDNA  at 
concentrations > 40% (v/v).198 In an attempt to limit qDNA formation, the DNA was 
heated to 95 °C  for 5 min and then immediately injected into the ESI source. Under 
these conditions, all peaks in the spectrum corresponded to DNA with at least one 
 
ammonium ion bound. The most abundant peaks corresponded to [22AG +1NH +  - 
 
6H]5- (m/z 1394.2) and [22AG +3NH + -8H]5- (m/z 1401.9) (Figure 3.8). DNA with 3NH + 
 
bound was also detected at m/z 1168.0 ([22AG +3NH + -9H]6-) and in lower abundance at 
 
m/z 1752.6 ([22AG +3NH + 
 
-7H]4-). Ions corresponding to 7- to 11- ions (all [22AG + 1 
 
NH4 ]) were detected which were not observed for the qDNA samples (cf. Figure 3.7 and 
Figure 3.8). Charge states higher than 8- (lower m/z) most likely correspond to single- 
stranded DNA as it is unlikely secondary DNA structures would remain stable with the 
load of Coulombic repulsion exerted upon the structure. An increase in ion abundance 
was anticipated as acetonitrile enhances desolvation; however, detecting DNA  with 
ammonium ion adducts was unexpected, given the NH4OAc concentration had been 
decreased 30-fold and instrument conditions kept constant (with respect to those used 
for 22AG qDNA). Ammonium-bound DNA would suggest that these solution and 
annealing  conditions stabilise a qDNA  structure in  the gas phase, therefore, the 
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sequestered NH + ions remain bound to the qDNA. Miller et al.293  reported an increase 
 
in qDNA stability in the presence of 50% acetonitrile. NMR analysis of 22AG annealed 
 
in K+-containing solution indicated the addition of acetonitrile caused a conformation 
shift to a parallel-like G-quadruplex. Furthermore, acetonitrile increased the thermal 
stability of the G-quadruplex, as judged by CD melting. It was hypothesised that parallel 
G-quadruplexes formed  in  dehydrated solutions.293  CD spectroscopy and  thermal 
melting studies of 22AG with acetonitrile were conducted in conjunction with annealed 
22AG to determine if stability and structure were affected by acetonitrile (see section 
 
3.4.2). 
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Figure 3.8 Negative ESI mass spectrum of 22AG in 5 mM NH4OAc / 50% acetonitrile (v/v). 22AG sample 
(10 μM) was heated to 95 °C for 5 min and immediately injected into the ESI source. Charge states are 
+ + 
shown in red for the [22AG +1NH4 ] ions. Additional NH4  adducts are annotated in black. 
 
 
 
 
 
3.4.2        Solution phase analysis of 22AG G-quadruplexes 
 
A CD spectrum of each sample was obtained to determine the differences (if any) of the 
overall G-quadruplex  conformation  in the solution phase depending on annealing 
conditions (0.02 mM – 1 mM DNA concentration with 24 h vs. ‘snap’ annealing). All 
samples (except 22AG with 50%  acetonitrile) were diluted to 20 μM  prior to CD 
spectroscopy experiments. For the (proposed) single-stranded 22AG in acetonitrile, the 
sample was kept  at 10 μM. Two methods were used to investigate the thermal stability of 
each sample: (i) fixed wavelength with temperature increase, and (ii) CD wavelength 
scans every 10   °C. The first method  provides the thermal stability of  structures 
contributing at the given wavelength and is reported as the Tm (as previously described). 
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The second method investigates structural changes by increasing the temperature by 
 
1 °C/min  and collecting a wavelength scan every 10 °C. This method provides a snapshot 
of changes in overall qDNA structure as a function of increasing temperature. 
 
Figure 3.9a shows the temperature-dependent CD spectra for ‘snap’ annealed 22AG. 
 
‘Snap’ annealed DNA gave CD spectra indistinguishable from one another (except for 
magnitude of ellipticity), irrespective of the initial DNA folding concentration (0.02 
mM, 0.05 mM, 0.5 mM and 1 mM). The CD spectra exhibited positive ellipticities at 295 
nm and 252 nm, with a trough at 260 nm (Figure 3.9a). The shape of this CD spectrum 
has previously been assigned as either a hybrid G-quadruplex,99 an antiparallel G- 
quadruplex,82 or the summation of a CD spectrum for a mix of hybrid and antiparallel 
G-quadruplexes in solution.294 
 
Smargiasso et  al.82   used DNA  oligonucleotides containing  four  tracts of guanines 
separated by three randomly assigned nucleotides. The DNA was annealed with the 
‘snap’ annealing method using a 5 μM DNA concentration in 150 mM NH4OAc. The 
CD spectrum obtained consisted of an ellipticity maximum at 290 nm, a small negative 
ellipticity at 265 nm and a small positive ellipticity at 250 nm.82 This CD spectrum was 
assigned as antiparallel, and is similar to that obtained in our hands (Figure 3.9a). 
 
There have been several studies to date investigating an intramolecular hybrid G- 
quadruplex, often referred to as (3+1) hybrid conformation. This conformation contains 
two  lateral loops and  one propeller-like loop. Each G-tetrad is in  either a 
syn•syn•syn•anti orientation or an anti•anti•anti•syn orientation giving rise to the 3+1 
nomenclature, which gives rise to parallel and antiparallel strands within  the same 
quadruplex.79,81,87 
 
In 2006, Ambrus et al.87  investigated the (3+1) hybrid folding topology of the 22AG 
sequence in 100 mM K+ solution using both NMR and CD to characterise the structure. 
NMR  identified  that the 22AG telomeric sequence formed  multiple  stable qDNA 
structures in solution. The CD spectrum showed a positive ellipticity at 290 nm, a 
shoulder at 260 nm and a small negative ellipticity at 235 nm proposed to be a mix of 
hybrid  and  antiparallel qDNA  conformations  in  solution. The CD spectrum was 
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consistent with their NMR  findings.87   Xu et al.99   reported on the 22AG sequence 
 
annealed in 100 mM K+  and hypothesised the (3+1) hybrid fold on the basis of the CD 
spectrum alone. Despite the similar annealing conditions to those of Ambrus et al.,87 the 
CD spectrum differed  with  the absence of the shoulder at 260 nm.99   Phan  and 
coworkers81 used NMR to identify the topology of the (3+1) hybrid conformation of two 
different 24 nt sequences annealed in 90 mM K+. Approximately 95% of the modified 
telomeric sequence (d[TTGGG(TTAGGG)3A])  was found  to fold  into the hybrid 
conformation, compared to the natural telomeric sequence (d[TAGGG(TTAGGG)3]) 
where  only  60  –  70%   of  DNA  was  folded  into  one  major  conformation.81 
Complementary CD studies of the modified telomeric sequence were reported later in 
 
2013 by the same group indicating the CD spectrum of the (3+1) hybrid fold (as 
previously identified by NMR) contained a positive ellipticity at 290 nm with a large 
shoulder at 260 nm, and a negative band from 235 – 250 nm.295  This spectrum was 
different again to those previously mentioned  above. These studies highlight  the 
complexity of determining G-quadruplex conformation based on CD spectrum alone. 
 
The difficulty in assigning the ‘snap’ annealed 22AG CD spectrum is compounded when 
following  the temperature-dependent CD spectra (Figure 3.9a). The lack of a well- 
defined isoselliptic point may indicate structural intermediates exist between the folded 
and unfolded states.296  It should also be considered that multiple conformations may 
exist in solution thus complicating the analysis of the melting pathway from folded to 
unfolded states. The melting curve obtained at a fixed wavelength of 295 nm indicates a 
thermal stability of 55.0 °C (Figure 3.9c blue). Recognizing the complexity of the CD 
data, we have assigned the spectrum as the summation  of multiple  structures in 
solution, thus for simplicity it will be referred to as a mixed hybrid/antiparallel G- 
quadruplex. 
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Figure 3.9  CD spectra as a function of temperature of 22AG annealed in 150 mM NH4OAc at: a) 0.5 mM 
strand concentration via ‘snap’ annealing and b) 1  mM  strand concentration annealed over 24 h. A 
spectrum was collected every 10  °C from 25 °C  (dark blue) to 95 °C  (dark red) as temperature was 
increased at 1  °C/min.   c)  Thermal  melting  profiles collected at a fixed wavelength for the mixed 
hybrid/antiparallel from a) (295 nm; blue) and the parallel from b) (260 nm; red) G-quadruplexes giving a 
Tm  of 55.0 °C  and 63.5 °C,  respectively. Data for a) and b) were smoothed using the Savitzky-Golay 
method within the Spectra Manager software. 
 
 
Using a 24 h annealing period produced different CD spectra that were dependent on 
DNA concentration. Figure 3.9b shows the temperature-dependent CD spectra of 22AG 
(1 mM) that had been annealed over a 24 h period. At 25 °C (prior to melting) there is a 
positive ellipticity at 260 nm and a negative ellipticity at 240 nm, consistent with a 
parallel G-quadruplex.104,106,190  As the temperature is increased, two isoselliptic points at 
230 nm and 248 nm become apparent. The presence of isoselliptic points suggest the 
unfolding  of this qDNA  structure occurs in a two-state process, void of structural 
intermediates.294,297  In comparison, DNA concentrations < 1 mM annealed over 24 h 
gave CD spectra analogous to the ‘snap’ annealed (Figure 3.9a). The thermal stability for 
the parallel 22AG qDNA was followed at a fixed wavelength of 260 nm giving a Tm  of 
63.5 °C (Figure 3.9c red), 8.5 °C higher than the mixed hybrid/antiparallel qDNA. The 
parallel qDNA conformation of telomeric sequences with four repeats of contiguous 
guanines (like 22AG) have been reported in molecular crowding  conditions,97,203,298 
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dehydrating conditions299 or with intermolecular folding in strontium ion solutions.106 
 
Thermal denaturation and renaturation is often performed to determine if the qDNA 
sample is intra- or intermolecular.300 Reversible profiles are indicative of intramolecular 
qDNA  and non-reversible profiles suggest intermolecular qDNA. Renaturation 
experiments were not possible for the parallel qDNA as the samples were all diluted to 
20 μM  prior to analysis, thus renaturation experiments do not reflect the original 
folding conditions for the parallel qDNA (1 mM  strand folding concentration). No 
multimers (two or more strands/qDNA associating) were detected in the gas ]phase for 
qDNA  prepared under these annealing conditions, suggesting the CD signal 
corresponds to either an intramolecular, parallel fold, or any multimers that may be 
stable in the solution phase may not be stable in the gas phase (Figure 3.7). 
 
Temperature-dependent CD spectra were also obtained for 22AG in 5 mM NH4OAc/ 
 
50% acetonitrile (Figure 3.10 top). The sample was heated to 95 °C prior to CD analysis 
and the sample was run immediately after at 25 °C.  The CD spectrum at 25 °C  was 
similar to that of the mixed hybrid/antiparallel qDNA, however, the molar ellipticity at 
295 nm was half the magnitude of the DNA annealed in 150 mM NH4OAc (cf. Figure 
 
3.10 and Figure 3.9a). Some secondary structure formation is likely caused by running 
the sample at 25 °C allowing some of the DNA to fold into a G-quadruplex structure. 
The structure has a low thermal stability with a Tm  of 36.7 °C. The low molar ellipticity 
and thermal stability suggests 50%  acetonitrile is adequate for G-quadruplex 
destabilisation, when in the presence of 5 mM NH4OAc. The low stability indicates the 
DNA peaks in the ESI mass spectrum (Figure 3.8) correspond to single-stranded 22AG, 
and the associated ammonium ions may be interacting with the phosphate backbone 
rather than stabilising a qDNA structure. 
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Figure 3.10  Temperature-dependent CD spectroscopy of 22AG in 5 mM  NH4OAc/ 50%  acetonitrile 
without the annealing step (top) and its melting profile (bottom) obtained by monitoring  at a fixed 
wavelength (295 nm). 
 
 
Table 3.4 summarises the thermodynamic  properties of the parallel, mixed 
hybrid/antiparallel and the destabilised (5 mM NH4OAC/ 50% acetonitrile) qDNA. The 
enthalpy (ΔH), entropy (ΔS) and Gibbs-free energy (ΔG) were calculated using the van’t 
Hoff analysis for intramolecular qDNA, as described in section 2.7. The ΔH values 
obtained for the parallel and mixed hybrid/antiparallel were -174.4 and -196.9 kJ.mol-1, 
respectively.  As expected, the parallel qDNA  ΔG (-15.1  kJ.mol-1)  and  the mixed 
hybrid/antiparallel qDNA ΔG (-12.3 kJ.mol-1) are of greater stability than that of the 
qDNA  in 5 mM  NH4OAc/ 50%  acetonitrile (-0.6 kJ.mol-1),  supporting that qDNA 
formation under these conditions is less favoured. Furthermore, the parallel qDNA has 
a lower change in entropy (ΔS of - 513.8  J.K-1.mol-1) than the mixed hybrid/antiparallel 
qDNA (ΔS of -595.4 J.K-1.mol-1). This is supported by the lack of isoselliptic points in the 
CD melting spectra (Figure 3.9a), indicating the presence of multiple structures for the 
mixed hybrid/antiparallel qDNA. The greater ΔS may be attributed to the disorder and 
presence of multiple conformations for mixed hybrid/antiparallel qDNA. 
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Table 3.4 Thermodynamic properties of the parallel and mixed hybrid/antiparallel qDNA. 
 
 Tm ΔH ΔS ΔGa 
(°C) (kJ.mol-1) (J.K-1.mol-1) (kJ.mol-1) 
Parallel 63.5 -174.4 -513.8 -15.1 
Mixed hybrid/antiparallel 55.0 -196.9 -595.4 -12.3 
Destabilised 
(5 mM NH 
+ 
+ 50% acetonitrile) 
aΔG calculated at 310 K 
36.7 -192.0 -617.4 -0.6 
 
 
Thermal difference spectra (TDS) were obtained to confirm  the presence of qDNA 
 
secondary structure for the annealed samples. TDS are the difference in absorbance 
spectrum between folded (25 °C) and denatured (95 °C) states and have been shown to 
give characteristic spectra for different types of secondary nucleic acid structures.301 The 
TDS for G-quadruplexes are concentration independent, but dependent on the cation 
present.301 The parallel and  mixed  hybrid/antiparallel qDNA  structures exhibited 
different TDS despite both being annealed in NH4OAc (Figure 3.11a and b, respectively). 
However, both spectra contain a negative ΔAbs (change in absorbance) at 295 nm, and 
positive peaks at 273 nm and 240 nm, consistent with other qDNA TDS.301 
 
a) b) 
 
1.0 
 
1.0 
 
 
 
0.0 0.0 
 
 
 
-1.0 -1.0 
 
 
 
-2.0  
240 260 280 300 320 
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Figure 3.11 Thermal difference spectra of a) parallel 22AG and b) mixed hybrid/antiparallel 22AG. TDS 
were obtained by calculating the difference of the absorbance spectra of the natured (25 °C) from the 
denatured (95 °C) and 22AG forms. The resulting spectra were then normalised with the largest positive 
value defined as 1, and a ΔAbs of 0 was defined as 0. 
 
 
It has previously been established that cooling time can influence qDNA 
conformation.277,302 In our hands, the formation of the parallel conformation was both 
time- and concentration-dependent, requiring 1 mM DNA with a 24 h annealing period. 
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In  comparison, the CD spectra of the mixed  hybrid/antiparallel qDNA  for DNA 
 
concentrations < 1 mM remained unchanged after 3 days, irrespective of ‘snap’ or 24 h 
annealing methods. 
 
3.5 Ligand binding with 22AG G-quadruplexes in ammonium 
acetate 
Identifying  compounds  that  can  selectively stabilise different  conformations  of 
G-quadruplexes is useful towards understanding nucleic acid conformations that may 
be substrates of  telomerase. Using  ESI-MS and  CD  spectroscopy, the berberine 
derivatives were tested against the parallel and  mixed  hybrid/antiparallel qDNA 
described above, to determine if the compounds  demonstrate selectivity for either 
qDNA structures, and if ligand binding affects the thermal stability. 
 
The different structures for 22AG qDNA were formed using the conditions determined 
in section 3.4: for parallel qDNA, 1 mM DNA annealed over 24 h, and for the mixed 
hybrid/antiparallel qDNA, 0.5 mM DNA ‘snap’ annealed, with both conditions using 
150 mM NH4OAc. CD spectroscopy was utilised prior to ESI-MS analysis to ensure the 
expected qDNA conformation had been obtained. 
 
3.5.1        Solution phase binding of berberine derivatives with parallel 22AG qDNA 
 
The addition of SST12 and SST26 to parallel 22AG caused an increase in CD ellipticity at 
 
295 nm and a decrease at 260 nm (Figure 3.12 top). The magnitude of change differed 
between the two ligands which may indicate SST12 and SST26 have different binding 
affinities for the parallel 22AG qDNA. Thermal melting profiles were obtained for the 
1:12 22AG/ligand mixtures at a fixed wavelength of 260 nm to determine if the degree of 
change in CD ellipticity correlates with a change in thermal stability (Figure 3.12 
bottom). Of the two alkyl-substituted berberines, SST26 caused the greatest increase in 
thermal stability, increasing the Tm   of parallel 22AG from  63.5 °C  to 93.7 °C.  In 
comparison, SST12 increased the Tm   to 76.7 °C.  The difference in CD spectra and 
thermal stability suggests the longer alkyl chain of SST26 promotes binding and stability 
of parallel 22AG qDNA in comparison to SST12. 
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Figure 3.12 CD spectra (top) and normalised CD thermal melting profiles (bottom) of 22AG with 
increasing concentrations (1:1 – 1:12) of SST12 and SST26. Arrows indicate the shift of the 260 nm and 295 
nm bands in the CD spectrum. Melting profiles were obtained at a fixed wavelength of 260 nm. 
ligand-free qDNA, 1:12 qDNA/ligand, and 1:1, 1:2, 1:4, 1:6 and 1:8. 
 
 
The aromatic substituted berberine derivatives (SST16 and SST29) also caused a change 
in ellipticity upon binding (Figure 3.13 top). SST16 had a greater impact on thermal 
stability than SST29, despite a similar magnitude of ellipticity change between the two 
ligands (Figure 3.13 bottom). SST29 increased the Tm   of parallel 22AG to 87.6 °C; 
however, the denaturation of the 1:12 qDNA-SST16 mixture was incomplete within the 
25 - 95 °C temperature range. The same occurred when the concentration of SST16 was 
lowered in  the 1:9  and 1:6  mixtures. Consequently, an accurate Tm   could not be 
determined at either of these higher ligand concentrations. Lowering the concentration 
of SST16 in the 1:1 and 1:3 mixtures increased qDNA stability to 76.3 °C and 89.0 °C, 
respectively.  The  difference  in  Tm    between the qDNA-SST16 and  qDNA-SST29 
complexes suggests the magnitude of change in CD ellipticity does not always correlate 
with an increase in thermal stability. The high thermal stability observed at lower SST16 
concentrations may be attributed to a greater binding affinity afforded by the aromatic 
2-naphthyl substitution. Polyaromatic compounds have served as a starting point for 
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many qDNA-selective ligands as their aromaticity allows π-π stacking upon G-tetrads. 
 
BRACO-19 is one such qDNA binder which stabilises parallel qDNA by end-stacking 
and interacting with the qDNA loop regions.151,303 The X-ray crystallography structure of 
berberine bound to a parallel 22AG qDNA indicates an end-stacking binding mode 
similar to BRACO-19.189 The parallel qDNA accommodates four berberine compounds, 
two stacking on the top face of the qDNA and two compounds on the bottom face. 
Adding a substituent such as the 2-naphthyl group in SST16 may enhance end-stacking 
interactions if the substitution interacts with the face of the G-tetrad (discussed further 
in section 4.4.1.1, pg. 170). Alternatively, the substitution may interact with the loop 
regions, analogous to the binding mode of BRACO-19.171 
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Figure 3.13 CD spectra (top) and normalised CD thermal melting profiles (bottom) of 22AG (10 μM) with 
increasing concentrations (1:1 – 1:9) of SST16 and SST29. Arrows indicate the shift of the 260 nm and 295 
nm peaks in the CD spectrum. Melting profiles were obtained at a fixed wavelength of 260 nm. 
ligand-free qDNA,      1:12 qDNA/ligand, and      1:1, 1:2, 1:4, 1:6 and 1:8. For thermal melting profiles for 
SST16,    1:1,       1:3 and      1:6. 
 
 
The binding of SST41 initially causes an increase in ellipticity at 260 nm and 295 nm; 
however, as the ligand concentration is increased beyond 1:4 qDNA-SST41 the change in 
ellipticity follows the same behaviour as the other berberine derivatives (Figure 3.14 
top). The thermal stability of the parallel qDNA is increased to 85.4 °C at the highest 
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SST41 concentration (Figure 3.14 bottom). The melting profile of SST41 shows an initial 
 
increase in ellipticity at 260 nm as the complex is heated from 25 – 70 °C before the 
expected sigmoidal qDNA denaturation occurs between 70 – 95 °C. At a lower SST41 
concentration (1:9 qDNA-SST41)  the same trend is observed, but to a lesser extent. The 
increase in ellipticity in the first stages of heating (to 70 °C) could be explained by the 
dissociation of SST41 in a different binding mode from qDNA, therefore, returning the 
ellipticity to that seen in the CD spectrum of ligand-free qDNA. This effect is more 
apparent at the higher SST41 concentration (1:12 qDNA-SST41), suggesting the addition 
of excess ligand may result in weak, non-specific binding. 
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Figure 3.14 CD spectra (top) and normalised CD thermal melting profiles (bottom) of 22AG (10 μM) with 
increasing concentrations (1:1 – 1:12) of SST41. Arrows indicate the shift of the 260 nm and 295 nm bands 
in the CD spectrum. Melting profiles were obtained at a fixed wavelength of 260 nm.       Ligand-free 
qDNA,      1:12 qDNA/ligand, and      1:1, 1:2, 1:4, 1:6 and 1:8. For thermal melting profiles for SST41, 
1:9. 
 
 
The change in shape of the CD spectrum is common among all the berberine derivatives 
tested. Table 3.5 summarises the change in ellipticity and thermal stability of parallel 
22AG upon ligand binding. In addition to changes in magnitude, a change in CD 
 
spectrum is most commonly interpreted as a change in qDNA conformation. However, 
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it can indicate ligand-ligand interactions, a change in qDNA conformation from parallel 
 
toward antiparallel/hybrid qDNA,155 or may suggest multiple binding sites.200 
 
Table 3.5 Melting point and change in ellipticity of parallel 22AG qDNA in the presence of 12-fold molar 
excess of ligand (unless otherwise stated). 
 
Δ[θ]x10-5 Tm (°C) ΔTm (°C) 
 
 260 nm 295 nm 260 nma 295 nmb 260 nmc 
SST12 - 0.7 + 0.7 76.6 n.d. + 13.1 
SST26 - 1.7 + 1.0 93.7 65.1 + 30.3 
SST16 - 2.1 + 1.0 >95.0 64.9 >31.5 
SST29 - 2.7 + 1.4 87.6 67.7 + 24.1 
SST41 - 1.7 + 1.9 85.4 64.9 + 22.1 
aTm   calculated by monitoring 260 nm  while increasing temperature at 1  °C/min. bTm   calculated by graphing the 
ellipticity at 295 nm from the average of 6 CD spectra collected every 10 °C at x9 ligand concentration. cΔTm calculated as 
difference between free qDNA (63.5 °C) and in the presence of x12 ligand concentration. 
 
Ligand-ligand interactions can result in an exciton CD signal which is seen as two 
bands, a positive and a negative ellipticity, centred on the absorption maximum of the 
ligand. The set of berberine derivatives exhibit electronic transitions between 235 – 
450 nm, with absorption maxima at 231, 265 and 350 nm (see section  2.3.1); therefore an 
exciton CD would be expected either side of these transitions if the ligand was bound as 
a dimer. If this were the case, this may cause an increase in ellipticity at ~295 nm and a 
decrease at ~265 nm of equal magnitude.292 However, given the absence of exciton CD 
bands at the other absorption maxima (231 and 350 nm), it is unlikely ligand-ligand 
interactions are contributing to the CD ellipticity changes. 
 
The ligands themselves are achiral; however, upon binding to a chiral molecule, the 
ligand can acquire a CD signal within the range of its electronic transitions.200 This is 
referred to as the ligand ICD. Wavelengths associated with  ligand-only electronic 
transitions (i.e. outside of the DNA region) are often monitored for a ligand ICD band 
as the appearance of such a band indicates ligand binding to DNA.192,304,305  The sign and 
magnitude of the ICD (either positive or negative) can be an indication of binding 
mode. The binding of berenil to duplex DNA produces a strong positive ICD above 
300 nm, typical of minor groove binders.192,306  However, within the DNA region (220 – 
 
280 nm), berenil has a negative effect upon the ellipticity at 270 nm.306 In comparison, 
the binding of an intercalator, ethidium bromide, produces a weak negative ICD in 
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regions above 300 nm and a positive ICD at 270 nm within the DNA region.192,307  For 
 
G-quadruplex DNA, ethidium  bromide  produces a weak negative ICD at 295 nm. 
Furthermore, when binding to intramolecular qDNA, in contrast to ethidium-bound 
dsDNA, there are no other ICD bands detected above 300 nm.204,308 Either characteristic 
can be suggestive of an end-stacking binding mode. In our work, the berberine ligands 
tested have UV absorption bands overlapping that of DNA (~265 nm); consequently, 
the change in ellipticity may also be the contribution of the ICD acquired by the ligand 
upon binding to qDNA. Binding of the berberine derivatives increased ellipticity at 240 
nm and 295 nm, and decreased ellipticity at 260 nm, and no further ICD signals were 
detected between 300 – 400 nm. It is difficult to conclude if the changes in spectrum are 
conformational changes in the qDNA and/or a result of the ligand ICD. 
 
Binding of the berberine ligands could induce a conformation change in the qDNA 
structure. Ligand-induced qDNA  conformation  change has previously been 
reported.155,232  Rezler et al.155  found the binding of telomestatin could induce 
conformational changes to qDNA upon binding. A 24-mer telomeric sequence 
(d[(TTAGGG) ]) preformed as an intramolecular hybrid qDNA in the presence of K+, 
produced a CD spectrum with a positive ellipticity at 288 nm, a smaller positive 
ellipticity at 270 nm and a negative ellipticity at 235 nm. Upon addition of telomestatin, 
the hybrid conformation changed to an antiparallel basket-type qDNA as evidenced by a 
positive ellipticity at 295 nm and negative ellipticity at 260 nm. More recently, 
Marchand  et  al.232   observed via CD spectroscopy a conformational  change of an 
intramolecular hybrid qDNA to the antiparallel qDNA on the addition of a 1:1 molar 
ratio of Phen-DC3 to qDNA. 
 
A CD spectrum is the average ellipticity of all optically active molecules in solution. A 
mixture of parallel and antiparallel qDNA conformations in solution, which give 
ellipticities of opposing signs at 260 nm, produce a complex CD spectrum that may be 
mistaken for  a hybrid  qDNA  structure. If  a mixture  of  parallel and  antiparallel 
structures were present in  solution, different  stabilities would  be expected when 
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monitoring  either the parallel structure (at 260 nm)  or the antiparallel structure 
 
(295 nm). 
 
 
Thermal melting profiles were obtained for all compounds by monitoring a fixed 
wavelength of 295 nm to determine the differences in thermal stability (if any) to the 
parallel qDNA  structure (maximum for  antiparallel qDNA).  However, the initial 
ellipticity (~2  mdeg)  at this wavelength produced profiles without  a well-defined 
sigmoidal curve, thus Tm could not be determined (Figure 3.15).The lack of curve may be 
a further indication that the increase at 295 nm upon ligand binding is a representation 
of the ligand ICD rather than the conversion of parallel to an antiparallel G-quadruplex. 
In this case, the linear decrease in ellipticity at 295 nm with increased temperature may 
be the loss of weakly-bound ligand from qDNA, thus a loss in the ICD at 295 nm. The 
melting  profiles  for  all  ligands  tested, except SST16, were  superimposable.  In 
comparison, the melting profile for SST16 is slightly shifted to a higher temperature 
suggesting SST16 may have a slightly greater binding affinity than the other berberine 
derivatives. 
 
1.0 
 
 
Tm 
 
 
0.0  
40 60 80 
Temperature (°C) 
 
Figure 3.15 Thermal melting profiles of 22AG in the presence of SST26, SST41, SST16 and SST29. Melting 
profiles obtained at a fixed wavelength of 295 nm.      SST26,     SST41,     SST16 and     SST29. 
 
 
A Tm  can be estimated by interpolating the ellipticity at 295 nm from temperature- 
dependent spectra collected every 10  °C. Melting temperatures obtained from  this 
method  should  be interpreted with  caution as the sample is being held at high 
temperatures for ~6 min to obtain each set of wavelength scans. This may accelerate 
unfolding and cause sample evaporation. The Tm  values at 295 nm were calculated for 
the berberine derivatives using this method for 1:9 qDNA-ligand mixtures and are listed 
in Table 3.5. A Tm  was not determined for SST12 given the weak ellipticity at 295 nm. 
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These Tm  values were substantially lower for all ligands than those obtained using 260 
 
nm as the wavelength. 
 
 
Figure 3.16 shows the melting profile for a 1:12 SST41:qDNA mixture, and it is apparent 
there is a loss of structure with increasing temperature. Furthermore, the complexes 
contributing to the ellipticity at 260 nm can withstand greater temperatures than the 
species at 295 nm, suggesting the latter has a lower thermal stability (Figure 3.16 inset). 
This was also true for the remaining berberine derivatives tested. There was also little 
variation in stabilities between the ligands when  monitoring  the melting  at a set 
wavelength of 295 nm (refer to Table 3.5). If the berberine derivatives were stabilising an 
intramolecular antiparallel or a mixture of hybrid and antiparallel qDNA in solution we 
could compare with the melting temperature of the mixed hybrid/antiparallel qDNA 
formed under lower DNA concentrations (0.02 – 0.5 mM) for 22AG (see section 3.4.2). 
Under those conditions, the melting temperature for mixed hybrid/antiparallel 22AG is 
55.0 °C, indicating the berberine derivatives may bind and stabilise this structure (the Tm 
values for all ligands were > 64 °C, see Table 3.5). Despite SST16 being a good binder for 
the parallel 22AG qDNA, the Tm  value obtained at 295 nm is ~30 °C  lower than the 
parallel qDNA (260 nm, last column). 
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Figure 3.16 CD spectra of a mixture of SST41 (90 μM)  and parallel 22AG (10 μM) at increasing 
temperatures. A spectrum was collected every 10  °C from 25 °C  (dark blue) to 95 °C (dark red). Inset 
shows the normalised ellipticity with increasing temperature for 260 nm (red) and 295 nm (black). 
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With the binding of SST41, it is also evident that ellipticity at 260 nm increases slightly 
 
between 25 and 55 °C (Figure 3.16), comparable to the ellipticity changes observed when 
monitoring at a fixed wavelength of 260 nm (Figure 3.14 bottom, red). Given there is a 
mix  of structures in  solution, the increase in  ellipticity could be the loss of the 
antiparallel structure; the competing negative ellipticity at 260 nm would be diminished 
resulting in the return of the parallel qDNA signal. However, this effect was only 
detected for the 1:12 qDNA-SST41 mixture, despite the other qDNA-ligand mixtures 
also exhibiting the loss of the antiparallel structure in the same temperature range. It 
follows  that the increase in ellipticity at 260 nm  with temperature is more likely 
attributed to dissociation of weakly bound SST41 rather than a shift to parallel qDNA at 
higher temperatures. 
 
Finally, Table 3.6 summarises the thermodynamic properties of the parallel qDNA with 
a 12-fold molar excess of ligand. Thermal stability data for the 3-fold molar excess of 
SST16 was  used for  thermodynamic  calculations as higher  ligand  concentrations 
exhibited incomplete melting. The change in entropy increased with the presence of all 
ligands, with SST12 and SST41 exhibiting the greatest  ΔS. An increase in ΔS suggests 
there may be a number of conformations and/or ligand binding modes present. The 
ΔΔG is a measure of the difference in ΔG of qDNA formation between the ligand-free 
parallel qDNA and the ligand-bound parallel qDNA. The magnitude of ΔG increased 
for the parallel qDNA in the presence of all ligands. In the presence of a 3-fold molar 
excess of SST16 the ΔΔG was -30.8 kJ.mol-1, compared to a ΔΔG of -29.6 kJ.mol-1  for a 
12-fold molar excess of SST29. Despite the higher thermal stability afforded by SST26 
binding, the ΔΔG (-27.0 kJ.mol-1) was similar to that of SST12 (-26.4 kJ.mol-1). 
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Table 3.6 Thermodynamic properties of the parallel 22AG qDNA in the presence of ligand. 
 
 Tm 
(°C) 
ΔH 
(kJ.mol-1) 
ΔS 
(J.K-1.mol-1) 
ΔGa 
(kJ.mol-1) 
ΔΔGb 
(kJ.mol-1) 
SST12 76.6 -362.1 -1034 -41.6 -26.4 
SST26 93.7 -298.9 -828.1 -42.1 -27.0 
SST16c 89.0 -329.0 -913.0 -46.0 -30.8 
SST29 87.6 -329.3 -918.1 -44.7 -29.6 
SST41 85.4 -358.2 -1002 -47.6 -32.5 
aΔG calculated at 310 K. bΔΔG is calculated as the difference between the ΔG for ligand- free parallel qDNA 
(-15.1 kJ.mol-1)  and ligand-bound qDNA, at a 12-fold molar excess, unless otherwise stated. cValues obtained 
with a 3-fold molar excess of SST16. 
 
 
3.5.2 Solution phase binding of berberine derivatives to a mixed 
hybrid/antiparallel 22AG qDNA 
Addition of SST16 to the intramolecular mixed hybrid/antiparallel qDNA caused an 
 
increase in the band at 295 nm and the appearance of a negative band 265 nm (Figure 
 
3.17). In 1:6 - 1:12 qDNA:SST16 mixtures, a negative ICD signal was detected in the 340 – 
 
370 nm region, which may be an indication of a change in binding mode and is often 
indicative of  an  end-stacking binding  mode  or intercalation.309  Furthermore, the 
negative ICD was not present when SST16 bound to the parallel DNA (refer to section 
3.5.2), indicating a difference in binding mode for the two quadruplex structures. The 
thermal melting profiles for SST16-bound qDNA showed an increase in thermal stability 
from 55.0 °C to 72.7 °C for the ligand-free and 1:12 qDNA/ligand mixtures, respectively 
(Figure 3.17 inset).  The thermal stability is significantly lower than for the parallel 
qDNA in the presence of equivalent SST16 concentrations for example; at a 1:3 ratio the 
parallel qDNA  stability was  89.0 °C   (Figure 3.13) compared  to 63.5 °C   for  the 
hybrid/antiparallel qDNA:SST16 mixture (Figure 3.17 inset). 
+ 
Part I - Chapter  3: NH4 -stabilised qDNA 
80 
 
 
m
o
la
r 
e
lli
p
ti
c
it
y
 [
 
] 

 1
0
-5
 
(d
e
g

 c
m
2

 d
m
o
l-1
) 
m
o
la
r 
e
lli
p
ti
c
it
y
 
[ 

] 

 1
0
-5
 
(d
e
g

 c
m
2

 d
m
o
l-
1
) 
F
ra
ct
io
n
 f
o
ld
e
d
 
F
ra
ct
io
n
 f
o
ld
e
d
 
 
 
 
 
1 
6 
 
Tm 
4 
 
0 
2 25 50 75 
Temperature (°C) 
 
0 
 
 
-2 
 
 
-4 
220 250 280 310 340 370 400 
Wavelength (nm) 
 
Figure 3.17 CD spectra and normalised CD thermal melting profiles (inset) of mixed hybrid/antiparallel 
22AG with increasing concentrations of SST16 (1:1 – 1:12). For the CD spectra, dark blue signifies ligand- 
free 22AG, grey is increasing concentrations of SST16 and dark red is the final ligand concentration (1:12). 
Arrows indicate the shift of the 265 nm and 295 nm bands and the appearance of a negative ICD at 365 
nm. Melting profiles were obtained at a fixed wavelength of 295 nm. For the CD thermal melting profiles 
(inset),     ligand-free qDNA,      1:1,       1:3,        1:6,        1:9 and      1:12. 
 
 
The binding of SST41 caused the greatest change in ellipticity at 265 nm and 295 nm 
compared to the other berberine derivatives (Figure 3.18). The lack of a ligand ICD in 
the 340 – 400 nm  range suggests a single binding  mode  and  no  ligand-ligand 
interactions. 
 
10 
1 
 
 
Tm 
5 
 
0 
25 50 75 
Temperature (°C) 
0 
 
 
 
-5 
 
 
 
220 250 280 310 340 370 400 
Wavelength (nm) 
 
Figure 3.18 CD spectra and normalised CD thermal melting profiles (inset) of mixed hybrid/antiparallel 
22AG with increasing concentrations of SST41 (1:1 – 1:12). For the CD spectra, dark blue signifies ligand- 
free 22AG and dark red is the final ligand concentration (1:12). Arrows indicate the shift of the 265 nm 
and 295 nm bands. Melting profiles were obtained at a fixed wavelength of 295 nm. For the CD thermal 
melting profiles (inset), ligand-free qDNA, 1:3, 1:9 and 1:12. 
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The intensity of the ellipticity change can relate to the way in which the electronic 
 
transition moments of SST41 align with those of the DNA bases, thus a consequence of 
binding mode, but also the number of ligand molecules interacting with the DNA.291 
SST41 lacks a 13-substitution, therefore, it is likely more ligand molecules can be 
accommodated on the qDNA structure, without significant ligand-ligand interactions 
occurring. Despite this, the highest concentration of SST41 gave a ΔTm  of only 7.9 °C, 
the second lowest change in stability of all the ligands. 
 
SST26 caused the smallest change in ellipticity at both 265 nm and 295 nm, however the 
shoulder at 245 nm  diminished  upon addition of ligand (Figure 3.19). For SST26 
concentrations greater than 1:6, a ligand ICD appeared between 340 – 365 nm. In 
contrast to the ligand  ICD of SST16, the SST26 band was positive and weak in 
magnitude. Given the weakness of the ligand ICD band, higher concentrations of SST26 
were tested to increase the intensity of the band. However, this proved unsuccessful due 
to poor ligand solubility. For the ratios above 1:6 the melting profiles become broader 
and there was evidence of the melting of more than one structure. The shape of the 
curve suggests a complex  mixture  of  structures and  stabilities,  providing  further 
indication SST26 interacts with the qDNA at more than one binding site and/or with 
more than one binding mode (Figure 3.19 inset). For the 1:12 mixture a two Tm  values 
were obtained as 52.7 °C and 72.4  °C. 
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Figure 3.19 CD spectra and normalised CD thermal melting profiles (inset) of antiparallel 22AG with 
increasing concentrations of SST26 (1:1 – 1:12). Arrows indicate the shift of the 265 nm and 295 nm bands 
and the appearance of a positive ligand ICD between 340 – 365 nm. Melting profiles were obtained at a 
fixed wavelength of 295 nm. For the CD spectra,     ligand-free qDNA,      1:1 and 1:6, and      1:12. For 
the thermal melting profiles,      1:3 and      1:6. 
 
 
Figure 3.20 shows the CD spectrum and melting profiles for the mixed 
hybrid/antiparallel 22AG in the presence of SST12 or SST29. SST12 was the only 
berberine ligand that shifted the CD spectrum toward a mixed hybrid/parallel qDNA 
conformation as determine by an increase in ellipticity at 260 nm. However, the change 
in thermal stability at 295 nm was small (ΔTm  = 4.7 °C). In comparison, the binding of 
SST29 increased thermal stability to 69.7 °C  (ΔTm   = 14.7 °C)  and resulted in the 
conversion to an antiparallel qDNA. Neither SST12 nor SST29 exhibited ligand ICD 
bands above 300 nm at the ligand concentrations tested. 
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Figure 3.20 CD spectra (top) and normalised CD thermal melting profiles (bottom) of antiparallel 22AG 
with increasing concentrations of SST12 and SST29 (1:1 – 1:12). For the CD spectra, dark blue signifies 
ligand-free 22AG and dark red is the final ligand concentration (1:12). Melting profiles were obtained at a 
fixed wavelength of 295 nm. For the CD thermal melting profiles (inset),      ligand-free qDNA,      1:3, 
1:6, and 1:12. 
 
 
Table 3.7 summarises the change in ellipticity and thermal stability for the mixed 
hybrid/antiparallel qDNA in the presence of the different berberine derivatives. 
 
Table 3.7 Melting point and change in ellipticity of the mixed hybrid/antiparallel 22AG qDNA in the 
presence of 12-fold molar excess of ligand. 
 
Δ[θ]x10-5 Tm (°C) ΔTm(°C) 
 
 265 nm 295 nm 295 nma 295 nmc 
SST12 
SST26 
+1.3 
-0.9 
+0.4 
+0.7 
59.7 
72.4b 
+4.7 
+17.4 
SST16 -2.5 +1.7 72.7 +17.7 
SST29 -2.0 +1.7 69.7 +14.7 
SST41 -5.8 +2.7 62.9 +7.9 
aTm  calculated by monitoring 295 nm while increasing temperature by 1 °C/min. cΔTm calculated as difference between 
free qDNA (55.0 °C) and in the presence of x12 ligand concentration. bTemperature obtained as the second Tm  value 
from fitting a biphasic curve. 
 
A conversion from  mixed hybrid/antiparallel to antiparallel qDNA  occurred in the 
presence of the aromatic substituted derivatives (SST16 and SST29) and with SST41. In 
contrast, the alkyl-substituted derivatives remained mixed/hybrid structures with SST12 
shifting the DNA  toward parallel qDNA  characteristics and SST26 shifting toward 
antiparallel characteristics. For DNA annealed under the prescribed conditions (0.5 mM 
 
DNA,  150 mM  NH + and  ‘snap’  annealing),  the resultant CD  spectrum can be 
 
interpreted as an intramolecular  (3+1) hybrid qDNA81 or a mixture of 
 
hybrid/antiparallel qDNA conformations.87  As a result, two possibilities for structural 
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conversion in the presence of ligand must be considered: (i) SST16, SST29 and SST41 
 
convert a hybrid qDNA  to antiparallel qDNA  via strand rearrangement or (ii)  an 
equilibrium exists of hybrid/antiparallel structures in which ligand binding shifts the 
equilibrium toward the antiparallel qDNA, or the hybrid structure (in the case of SST26 
and SST12). 
 
Ambrus et al.87  suggested an equilibrium  existed between an antiparallel qDNA and 
hybrid qDNA  when in the presence of potassium. Moreover, an antiparallel 22AG 
qDNA stabilised by Na+  could be converted to a hybrid structure on the addition of K+. 
It was proposed the sodium ions were replaced by potassium ions within the qDNA. 
This was then proceeded by the rearrangement of a lateral loop into a propeller-like 
loop forming the (3+1) hybrid, leading to an equilibrium between the antiparallel and 
hybrid conformations.87  To support either possibility, further solution phase studies 
need to be conducted to obtain structural information on a molecular level (i.e. NMR). 
 
Table 3.8 summarises the thermodynamic  properties of ligand-bound mixed 
hybrid/antiparallel qDNA. Overall, the ΔΔG values were smaller in magnitude than 
those exhibited by ligand-bound parallel qDNA, further supporting a ligand preference 
for the parallel qDNA form over the mixed hybrid/antiparallel form. The binding of 
SST16 to mixed hybrid/antiparallel qDNA caused the biggest change in ΔG (ΔΔG of -9.9 
kJ.mol-1). The change in ΔG of the mixed hybrid/antiparallel qDNA in the presence of a 
2-fold molar  excess of SST26 was minimal  (ΔΔG of -0.1  kJ.mol-1).  As the SST26 
concentration was increased, thermal melting profiles showed multiple structures in 
solution (Figure 3.19 inset); therefore, the minimal  change in ΔG of SST26-bound 
qDNA  may reflect the presence of a number  of different qDNA  conformations in 
solution with different stabilities. 
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Table 3.8 Thermodynamic properties of the mixed hybrid/antiparallel in the presence of ligand. 
 
 Tm 
(°C) 
ΔH 
(kJ.mol-1) 
ΔS 
(J.K-1.mol-1) 
ΔGa 
(kJ.mol-1) 
ΔΔGb 
(kJ.mol-1) 
SST12 59.7 -229.3 -687.7 -16.1 -3.8 
SST26c 60.0 -181.9 -546.8 -12.4 -0.1 
SST16 72.7 -217.0 -628.2 -22.3 -9.9 
SST29 69.7 -211.5 -618.9 -19.6 -7.3 
SST41 62.9 -244.1 -724.7 -16.4 -7.1 
aΔG calculated at 310 K. bΔΔG is calculated as the difference between the ΔG for ligand- free parallel qDNA 
(-12.3 kJ.mol-1) and ligand-bound qDNA, at a 12-fold molar excess, unless otherwise stated. c Values obtained 
with a 2-fold molar excess of SST26. 
The differences in  the CD spectra and  thermal  stabilities between the berberine 
derivatives indicate: (a) an aromatic substitution favours the formation of an antiparallel 
qDNA  structure exhibiting higher thermal stability, (b) an alkyl chain substitution 
favours hybrid structures, with a longer chain (SST26) giving a higher thermal stability 
than the shorter chain (SST12) and (c) the lack of a 13-substitution (SST41) promotes 
antiparallel conformation but offers only a modest increase in thermal stability. 
 
3.5.3 ESI-MS investigations into ligand binding specificity for 22AG qDNA 
Negative  ion ESI mass spectra were acquired for the parallel and mixed 
hybrid/antiparallel G-quadruplex  in  the presence of  increasing concentrations of 
berberine derivative. The spectra for each ligand are shown in Figure  3.21 to Figure 3.25. 
The abundance of ligand-bound qDNA  for parallel and mixed  hybrid/antiparallel 
qDNA  is summarised  at the end of this section in Figure 3.27 and Figure 3.28, 
respectively. 
 
There was no difference in the binding profiles of SST12 between the parallel and mixed 
hybrid/antiparallel G-quadruplex.  However,  the remaining  ligands showed  greater 
binding to the parallel qDNA rather than the mixed hybrid/antiparallel qDNA. SST16 
and SST41 showed the most extensive binding  of the ligand suite to both qDNA 
conformations. Figure 3.21 shows the negative ESI mass spectra for increasing 
concentrations of SST41 bound to parallel 22AG qDNA. SST41 showed a greater binding 
affinity to parallel qDNA over duplex DNA. At the highest ligand concentration tested 
there were up to 6 ligands bound to parallel qDNA and < 3% free qDNA observed. In 
comparison, there was a maximum of 5 ligands bound to duplex DNA and ~22% free D1 
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at equivalent SST41 concentrations (cf. Figure 3.21 and Figure 3.2). For the 1:9 and 1:12 
 
reaction mixtures the most abundant complex was three ligand-bound qDNA detected 
 
at m/z 1598.1 and at a lower abundance m/z 1986.8, [qDNA + 3xSST41 + 1NH + - 9H]5- 
 
and [qDNA + 3xSST41 + 1NH + - 8H]4-, respectively. 
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Figure 3.21 Negative ion ESI mass spectra of 22AG folded in the parallel conformation with increasing 
concentrations of SST41. Ions in blue are [qDNA + x ligand – 5H]5-, and those in red are [qDNA + x 
ligand – 4H]4-. 
 
 
The titration of SST41 with the mixed hybrid/antiparallel qDNA showed increasing 
amounts of SST41 led to a decrease in the abundance of free qDNA, as was observed 
with  the parallel qDNA  mixtures. However, the ESI mass spectra showed  ~10% 
abundance  of  free qDNA  at the final  ligand  concentration (1:12) (Figure 3.22). 
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Furthermore, there was a higher relative abundance of the 1 and 2 ligand-bound DNA 
 
for the 5- ions compared to that of the parallel qDNA. Peaks corresponding to 4, 5 and 6 
ligand-bound qDNA were also present; however, they were of lower abundance for the 
mixed hybrid/antiparallel qDNA compared to the parallel qDNA, an indication that 
SST41 has a higher binding affinity for the parallel qDNA or more binding sites. This 
correlates with the ΔTm  values, obtained by CD melting, of +22.1 °C for parallel qDNA 
and only +7.9 °C for the mixed hybrid/antiparallel qDNA. 
 
 
100 
[qDNA - 5H]5- [qDNA - 4H]4- 
+3 lig. 
+4 lig. 
Parallel 
 
% +2 lig. 
 
 
+5 lig. 
+1 lig.  
 
 
+3 lig. 
 
 
+4 lig. 
 
 
+5 lig. +6 lig.
 
 
0 
 
100 
+1 lig.  
 
 
+3 lig. 
 
+4 lig. 
+6 lig. 
 
 
 
 
+1 lig. 
+2 lig.  
 
 
Mixed 
hybrid/antiparallel 
% +2 lig. 
+1 lig. 
 
0 
 
 
+5 lig. 
+6 lig. 
 
+3 lig. 
+2 lig. 
 
+4 lig. 
 
+5 lig. +6 lig. 
 
 
 
m/z 
1200 1400 1600 1800 2000 2200 2400 
 
Figure 3.22 Difference in binding profile for 1:12 SST41  with parallel (top) or mixed hybrid/antiparallel 
(bottom) 22AG qDNA. 
 
 
Figure 3.23 shows the negative ESI mass spectra for the titration of SST16 with 
intramolecular, parallel 22AG qDNA. Of the berberine derivatives, SST16 showed the 
greatest binding affinity for parallel qDNA as the presence of free qDNA diminished to 
< 1.5% for the 1:6 mixture and to 0% in the 1:12 mixture. This corresponds with thermal 
melting data where incomplete melting curves were obtained for SST16:qDNA ratios 
above 1:6 (Figure 3.13). Despite complete DNA saturation, qDNA with 3 ligands bound 
was still the most abundant ligand-qDNA peak at m/z 1691.3 ([qDNA + 3xSST16 + 1NH4 
- 9H]5-).  Beyond 1:6 SST16 mixture ratios, dimers and trimers of SST16 complexed with 
acetate ions were detected at m/z 1162.0 ([2xSST16 + 3xAcetate]1-) and 1713.5 ([3xSST16 + 
4xAcetate]1-)  (Figure 3.23 denoted by * and   ,  respectively).  At the highest SST16 
concentration, the ligand dimer also became the most abundant peak in the spectrum. It 
is proposed the acetate may interact with the methoxy linker on the 13-substitution of 
ligands, as dimers were also detected for the remaining 13-substituted berberines (Figure 
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3.26), but not for SST41. Nevertheless, there were no ions detected corresponding to the 
 
ligand/acetate dimer/trimer  complexes bound  to qDNA  and  its high  abundance 
detected in the gas phase may be a reflection of its ionisation efficiency rather than its 
abundance in the solution phase. 
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Figure 3.23 Negative ESI mass spectra of 22AG folded in the parallel conformation  with increasing 
concentrations of SST16. Ions in blue are [qDNA + x ligand]5-, and those in red are [qDNA + x ligand]4-. 
The asterisk denotes [2xSST16 + 3xAcetate]1-  and the black-filled square [3xSST16 + 4xAcetate]1-. The 
region between m/z 1220 and m/z 2400 has been magnified 4-fold. 
 
 
The binding profile of SST16 differed between parallel and mixed hybrid/antiparallel 
qDNA with the difference being most apparent for the 1:12 mixtures (Figure 3.24). For 
the mixed hybrid/antiparallel qDNA, the major ligand-qDNA complex was 2 ligand- 
bound qDNA for the 5- ions and 3 ligand-bound qDNA for the 4- ions. In comparison, 
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the parallel qDNA favoured the binding of 3 SST16 molecules in both charge states. The 
 
mixed  hybrid/antiparallel qDNA  shows a bias toward lower ligand:qDNA  binding 
stoichiometries with a total relative abundance of qDNA+1xSST16 of ~79% compared to 
~34% for the parallel qDNA. Furthermore, ~2% of free mixed hybrid/antiparallel qDNA 
existed for the 1:12  mixture.   The mixed hybrid/antiparallel qDNA  is proposed to 
contain a mixture of qDNA  structures with lateral, diagonal and/or propeller-like 
loops.87 Steric hindrance from diagonal loops may impede ligand interaction with the 
planar G-tetrads potentially allowing fewer ligand molecules to bind. On the other hand, 
the propeller-like loops of the parallel qDNA structure leave the top and bottom G- 
tetrad exposed for ligand interactions, potentially accommodating higher ligand:qDNA 
binding stoichiometries. Further investigation using techniques such as solution NMR 
may  assist in  clarifying  the differences in  ligand  binding  between these qDNA 
structures. 
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Figure 3.24 Difference in binding profile for 1:12 SST16  with parallel (top) or mixed hybrid/antiparallel 
(bottom) 22AG qDNA. Ions in blue are [qDNA + x ligand]5-, and those in red are [qDNA + x ligand]4-. 
 
 
The remaining  berberine derivatives exhibited modest binding  to both qDNA 
conformations. Figure 3.25 shows the ESI mass spectra after addition of 12 equivalents of 
SST12, SST26 and SST29 to parallel qDNA. SST12 and SST26 exhibited up to 4 ligands 
bound and ~27% and ~25% total relative abundance of free parallel qDNA, respectively. 
The most abundant complex for both cases was [qDNA + 1xligand – 6H]5- (m/z 1471.4 
and 1488.0, for SST12 and SST26, respectively). The similar binding pattern of SST12 and 
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SST26 suggests the length of the alkyl substitution has little effect on the ligand:qDNA 
 
binding stoichiometry in this case. Nonetheless, their respective ΔTm  values (SST12 = 
 
+13.1 °C and SST26 = +30.3 °C, Table 3.5) reflect a significant difference in their thermal 
stabilization capabilities and therefore, the ability of the longer alkyl chain in stabilizing 
qDNA despite the abundance of free qDNA detected in the gas phase. 
 
A maximum of 5 ligands bound were detected with the titration of SST29, decreasing 
the relative abundance of free parallel qDNA  to ~6%.  However, a 1:1  binding 
stoichiometry was the most abundant complex for both 5- and 4- charge states (m/z 
1484.8 and 1856.2, respectively). 
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Figure 3.25 Negative ESI mass spectra of 22AG folded in the parallel conformation  with increasing 
concentrations of SST12, SST26 and SST29. Ions in blue are [qDNA + x ligand]5-, and those in red are 
[qDNA + x ligand]4-. The black-filled square shows [3xligand + 4xAcetate]1-. 
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The spectra in Figure  3.21 - Figure  3.25 showed that binding of the berberine derivatives 
 
caused an increase in abundance of qDNA with 1 ammonium ion bound, relative to 
ammonium ion-free qDNA. This is highlighted in Figure 3.26. This trend was consistent 
for both parallel and mixed hybrid/antiparallel qDNA conformations. Ligand binding to 
duplex DNA did not result in an increase in detection of ammonium ions bound to 
DNA (Figure 3.2), therefore, the detection of ammonium ions bound to qDNA-ligand 
complexes can be assigned as those interacting with the qDNA, rather than non-specific 
 
ligand-NH + interactions. For some ligands (SST12, SST26 and SST29) the increase was 
 
small, but for  SST16 and  SST41 binding,  the qDNA+ligand+1NH + complex  was 
 
markedly the most abundant in the gas phase. Binding of 3 or more molecules of SST16 
 
or SST41 stabilised the qDNA+1NH + form and prevented the dissociation of inner NH + 
 
ions during the ionisation/desolvation process. 
 
 
Solution phase thermal stability cannot be inferred by the increase in abundance of 
qDNA+ligand+1NH +. The binding of SST26 to qDNA had a small effect on increasing 
the abundance of ammonium-bound qDNA, as judged by ESI-MS; however, SST26- 
qDNA complexes exhibited a Tm  increase of 30.3 °C  for parallel qDNA. In contrast, 
SST41 exhibited extensive binding in the gas phase yet demonstrated lower thermal 
stabilising effects on parallel qDNA than SST26. Different binding modes, for example, 
groove-binding  versus end-stacking, may  affect the stabilisation of  qDNA+1NH + 
without offering overall structural stability. It has been proposed that berberine binds to 
qDNA through π-π  interactions with the G-tetrad,185,189  as such, SST41 is expected to 
bind  through  end-stacking. Moreover, the abundance of  3:1  and  4:1  binding 
stoichiometry for  SST41 is consistent with  structures from  X-ray crystallography 
showing end-stacking of berberine with a 3:1 berberine: qDNA binding ratio.189  SST41 
end-stacking may favour ammonium-bound  qDNA as the presence of ammonium ions 
enhances the planarity of the G-tetrad.229 This is also true for SST16, where the naphthyl 
substitution offers additional π-π interactions for an end-stacking binding mode, thus 
favouring qDNA+1NH4  . In comparison, the 13-substitution of SST12, SST26 and SST29 
may interact with the loop regions affording no advantage for end-stacking interactions 
with a planar G-tetrad. 
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Figure 3.26 Negative ESI mass spectra of 1:12 parallel qDNA:ligand mixtures for SST12, SST26, SST16, 
SST29 and SST41. The 5- charge region is shown with the number of bound ligands annotated in blue, 
and the number of bound ammonium ions in black. Where the [qDNA – 4H]4- ion was detected it has 
been annotated in red. 
 
 
Figure 3.27 and Figure 3.28 provide a summary of the ESI mass spectra for the binding 
of the berberine derivatives to parallel and mixed hybrid/antiparallel qDNA, 
respectively. 
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Figure 3.27 Summary  of ligand binding  to parallel 22AG as detected by negative ion ESI-MS. The 
abundance of ligand-bound 22AG was assessed by calculating the abundance of each ion as a percentage 
of the sum of the abundances of all ions in the spectrum. 
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Figure 3.28 Summary of ligand binding to mixed hybrid/antiparallel 22AG as detected by negative ion 
ESI-MS. The abundance of ligand-bound 22AG is assessed by calculating the abundance of each ion as a 
percentage of the sum of the abundances of all ions in the spectrum. 
 
3.6       Summary 
 
ESI-MS and CD spectroscopy were successfully used to characterise berberine binding 
to dsDNA, intramolecular parallel qDNA and a mixed hybrid/antiparallel qDNA. The 
berberine ligands exhibited modest binding to dsDNA as observed by ESI-MS. SST12, 
SST26, SST16 and SST29 bound to dsDNA with a maximum of three ligands, however, a 
binding stoichiometry of 1:1  was predominant. Furthermore, ligand-free dsDNA 
remained the most abundant species in the spectrum. In comparison, SST41 had a 
broader binding  profile,  with  up to five ligands bound  to dsDNA  and the most 
abundant species in the spectrum was dsDNA with one ligand bound. Despite detecting 
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ligand binding in the gas phase, SST26 and SST16 had no effect on the thermal stability 
 
of dsDNA according to CD spectroscopy studies. SST29 had a minor effect on dsDNA 
thermal stability, and SST12 and SST41 both increased the Tm of dsDNA by at least 2 °C. 
Ligand docking to a dsDNA target indicated all ligands bound to the minor groove and 
with the exception of SST41, they also showed binding to the major groove of dsDNA 
(albeit with a lower binding affinity). 
 
The human telomeric sequence 22AG was folded in NH4OAc solution to form either a 
parallel qDNA structure or a mixed hybrid/antiparallel qDNA, dependant on annealing 
time, and DNA  concentration. For DNA  concentrations <1 mM,  the mixed 
hybrid/antiparallel qDNA was formed regardless of annealing time. The parallel qDNA 
was formed when 22AG was folded at a 1 mM concentration and left to fold over 24 h. 
The parallel qDNA had a higher thermal stability than the mixed hybrid/antiparallel, 
and the ESI mass spectra were indistinguishable. Ammonium-free DNA was the most 
abundant peak in the spectrum. The berberine ligands showed a greater binding affinity 
for the parallel qDNA over the mixed hybrid/antiparallel qDNA according to both CD 
spectroscopy and ESI-MS. Furthermore, binding of SST16 and SST41 favoured qDNA 
with one ammonium ion bound. For parallel qDNA, a binding stoichiometry for SST16 
of 3:1 was preferred and complete saturation of qDNA was detected. In comparison, 
binding stoichiometries of 2:1 and 3:1 for SST16 were both equally abundant for the 
mixed hybrid/antiparallel and the 1:1 binding stoichiometry was more abundant than for 
the parallel qDNA. This trend was followed by the other berberine derivatives. 
 
CD spectroscopy showed the binding of berberine derivatives to parallel intramolecular 
qDNA caused a decrease in ellipticity at 260 nm and an increase at 295 nm. All ligands 
increased the thermal stability of the parallel qDNA; however, SST16 and SST26 were 
the greatest stabilisers of qDNA. The changes in thermal stability upon ligand binding 
were greater for the parallel qDNA compared to the mixed hybrid/antiparallel. SST26 
and SST16 were the best ligands for stabilising parallel qDNA  and mixed 
hybrid/antiparallel qDNA. 
+ 
Part I - Chapter  3: NH4 -stabilised qDNA 
96 
 
 
 
 
 
 
In comparing ESI-MS and CD spectroscopy results the differences in berberine binding 
 
indicate:  (a) the aromatic-substituted ligands (SST16 and SST29) favour binding  to 
parallel intramolecular qDNA over mixed hybrid/antiparallel, but significantly increase 
the thermal stability of both, (b) the alkyl chain substitution favours binding to the 
parallel form, but the longer alkyl chain (SST26) is required for a substantial increase in 
thermal stability of qDNA and (c) the lack of a 13-substitution increases ligand binding 
to dsDNA and qDNA; however, binding increases the thermal stability of the parallel 
qDNA to a greater extent than the mixed hybrid/antiparallel qDNA. 
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CHAPTER 4 
 
CHARACTERISING SODIUM-, POTASSIUM- AND 
STRONTIUM-STABILISED G-QUADRUPLEXES 
 
 
 
 
4.1       Introduction 
 
The conformation and stability of qDNA can be influenced by the concentration and 
type of cation present in solution.79,87,95,96   Sodium- and potassium-stabilised qDNA 
exhibit different properties from  the ammonium-stabilised  G-quadruplexes formed 
from the same telomeric DNA sequence, such as different conformations and in some 
cases, higher  thermal  stabilities.82  Furthermore,  DNA  length  can  affect  strand 
stoichiometry. For example, short telomeric sequences have been shown  to form 
tetramolecular (4-stranded) G-quadruplexes with  high  thermal  stability and  low 
structural heterogeneity.82,86,310  However, the use of high potassium and sodium 
concentrations required for some of these qDNA structures, restricts the use of ESI-MS 
as a characterisation technique. Instead, other methods are relied upon to characterise 
qDNA  formation  and ligand binding  properties, such as NMR  spectroscopy,311   CD 
spectroscopy,312 FRET-based assays,209 and qDNA MD simulations.313 
 
FRET-based melting assays provide a platform for the analysis of qDNA stability and 
ligand-binding screens. A schematic of a FRET-based thermal stability assay is shown in 
Figure  4.1. For this assay, the 5 and 3 ends of DNA are labelled with a fluorophore and 
a quencher molecule, such as FAM and TAMRA (6-carboxyfluoroscein and 6- 
carboxytetramethylrhodamine, respectively); therefore, when  the  DNA  is  folded, 
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fluorescence is quenched as the fluorophore is in close proximity to the quencher. 
 
Thermal stability measurements of the DNA  can be obtained by slowly increasing 
temperature, causing the DNA  structure to denature, thus increasing the distance 
between the fluorophore and the quencher, resulting in an increase in fluorescence. The 
assay can then be repeated in the presence of compound (ligand), and differences in 
thermal stability can be deduced. The assay can be performed using real-time PCR,314 
and has been used to characterise duplexes, triplexes, and G-quadruplexes.195,209,315  In 
comparison to CD spectroscopy, the FRET-based real-time PCR method permits high 
sample throughput with low sample consumption. 
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Figure 4.1  Schematic of a FRET-based thermal stability assay. A DNA  sequence is labelled with a 
fluorophore (FAM; red circle) and quencher (TAMRA; green square) molecule at the 5- and 3- ends, 
respectively. The DNA sequence is annealed to form  the desired qDNA conformation, bringing the 
fluorophore  and  quencher in  close proximity,  quenching  the fluorophore’s fluorescence. As the 
temperature is increased, the qDNA unfolds, separating the fluorophore and quencher, resulting in an 
increase in fluorescence. The increase in fluorescence as a function of temperature is a measure of thermal 
stability. This assay can be repeated with a potential ligand present to determine a change in thermal 
stability. Figure adapted from Renčuik et al.209 
 
 
MD simulations can be used to investigate ligand binding to qDNA. A standard MD 
simulation starts with the preparation of the starting structure, often from NMR or 
X-crystallography data.  The periodic boundary  conditions are then set (unit  cell 
encasing the structure). Explicit solvent MD  is a single-molecule technique that 
simulates a molecule in an aqueous environment. In  this type of simulation, the 
structure is solvated in a water box, neutralising the charges of the DNA phosphate 
backbone with monovalent cations, and often, adding excess salt (100 – 200 mM) to the 
water  box.313    Other parameters such  as temperature can  also be adjusted. MD 
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simulations of G-quadruplexes can provide insight into qDNA folding pathways,316,317 
 
differences in conformation  and stability between qDNA  structures,229,318,319   qDNA- 
qDNA interactions,320 and ligand binding to qDNA.321-323 Using MD simulations to study 
ligand binding to qDNA is of particular interest in the current work, to add insight into 
the binding modes of berberine derivatives to different qDNA structures. Previously, 
Mulholland  et al.322  utilised MD simulations to study the binding properties of 
telomestatin for G-quadruplexes. Telomestatin is a natural product that exhibits potent 
telomerase inhibition  through  qDNA  stabilisation (refer to section 1.5.2,  pg. 17); 
however, high-resolution structures of the qDNA-telomestatin complex are yet to be 
obtained, and as such, the binding interaction between telomestatin and G-quadruplex 
DNA remains unknown. To determine the binding modes of telomestatin, Mulholland 
et al.322  employed an NMR structure of a G-quadruplex complexed with a telomestatin 
derivative as the starting structure for MD simulations. The derivative was removed 
from the structure prior to simulations, and telomestatin was placed in the solution 
surrounding the qDNA structure. This allows telomestatin to bind to the qDNA during 
the simulation. Using this approach, three different binding modes were identified: 
groove binding, top stacking and bottom intercalation, the latter being the favoured 
binding mode for telomestatin.322  Identifying the binding interactions of telomestatin 
with qDNA provides a basis for future ligand development. 
 
MD simulations offer advantages over other atomistic methods as they can be used to 
examine the dynamics of a single-molecule in solution, while NMR spectroscopy gives 
an average of the structures in solution and X-crystallography produces a quasi-static 
structure favoured through crystal packing. To overcome this, MD simulations are often 
used to build  the structure models  elucidated by NMR  spectroscopy. Structures 
produced through X-crystallography can also be optimised in the solution phase with 
computational methods; however, a sufficient time scale of simulation is required to 
overcome the energy barriers of any potential changes in conformation.313 Using an MD 
approach to qDNA-ligand analysis gives insight into small changes in DNA structure 
upon ligand binding (e.g. loop movement or distortion of the G-tetrad). Furthermore, 
atomistic interactions between ligand and qDNA can be identified and explored. 
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As  a  continuation  to  the ammonium-stabilised  G-quadruplexes characterised in 
 
Chapter 3, this chapter aims to characterise other intramolecular qDNA  structures 
formed  in Na+-  and K+-containing solutions, and an intermolecular G-quadruplex 
formed in K+- or mixed NH +/Sr2+-containing solutions. Ligand binding to different 
qDNA conformations is characterised by combining CD spectroscopy, FRET melting 
assays and MD simulations. ESI-MS is also used to investigate the intramolecular G- 
 
+ 2+
 
quadruplex formed in NH4 - and Sr -containing solutions. 
 
4.2       Investigations of a telomeric tetramolecular G-quadruplex 
 
The tetramolecular structure formed from four-strands of 7GGT (Table 2.1) was used in 
this work. Tetramolecular 7GGT is expected to produce low structural heterogeneity in 
solution.281   Given that tetramolecular G-quadruplexes are expected to exhibit slow 
unfolding rates310  and predominantly form parallel qDNA structures,281  and given that 
NMR structures are available,324 7GGT was an appropriate model to study the binding of 
the berberine derivatives to tetramolecular qDNA. Furthermore, this G-quadruplex was 
of substantial interest in our laboratory since telomerase activity assays have also shown 
that telomerase is able to partially unwind and extend tetramolecular 7GGT.281  This G- 
quadruplex has previously been characterised using NMR,86 CD spectroscopy,324 and UV 
melting.310 
 
4.2.1        Solution phase characterisation of a tetramolecular G-quadruplex 
 
Previously, 7GGT has been shown to form in high K+- or Na+-containing solutions (≥ 
 
90 mM cation concentration).310  Given that such conditions are not amenable to ESI- 
MS, and  ESI-MS was  to be used to determine  binding  stoichiometries, buffers 
containing 150 mM NH4OAc were used to form the tetramolecular G-quadruplex. To 
increase the stability of the tetramolecular qDNA, either 2.5 mM SrCl2 or 1 mM KCl was 
added in conjunction with NH4OAc. Strontium was chosen as it had previously been 
shown in some studies to stabilise intermolecular G-quadruplexes in the solution and 
gas phases.88,106,325  For solution phase experiments, 100 mM K+ in cacodylate buffer (pH 
6.8) was also used to anneal tetramolecular 7GGT qDNA. All DNA solutions were 
annealed at 1  mM DNA concentration over 72 h at 25 °C.  Prior to analysis, qDNA 
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samples were diluted to the required concentration in their respective solutions. For the 
 
NH4OAc-containing solutions, the qDNA was diluted in 150 mM  NH4OAc prior to 
solution phase and gas phase analysis to minimise Sr2+ and K+ concentrations. Melting 
profiles were obtained with a ramp rate of 2 °C/min. 
 
The CD spectra of 7GGT, in all annealing buffers, showed an ellipticity maximum of 
~265 nm and a minimum of 245 nm, indicative of a parallel G-quadruplex (Figure 4.2 
top). A lower ellipticity was recorded for G-quadruplex in the NH4OAc/Sr2+  and 
NH4OAc/K annealing mixture (Figure 4.2 top, red and grey, respectively) compared to 
 
the 100 mM K+  buffer (Figure 4.2 top, blue). The lower ellipticity may suggest a lower 
abundance of qDNA has formed in the NH4OAc-containing annealing solutions. The 
thermal stability of the qDNA in 100 mM potassium cacodylate buffer (Tm  67.0 °C) was 
the  highest. In  contrast, the  NH4OAc-containing  annealing  solutions  produced 
G-quadruplex structures with substantially lower Tm  values of 45.7 °C and 43.0 °C, for 
NH OAc/Sr2+ and NH OAc/K+, respectively. The T   value of tetramolecular qDNA is 
dependent on the temperature gradient applied, that is, faster heating rates result in an 
apparent increase in the Tm.310   The thermal stability of the 100 mM  K -stabilised 
tetramolecular qDNA (potassium cacodylate buffer) is as expected for the applied ramp 
rate (2 °C/min), and is in agreement with values from the literature.310 
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Figure 4.2 CD spectroscopy (top) and thermal melting profiles (bottom) comparing tetramolecular 7GGT 
annealed in either 100 mM K+  (blue), 150 mM NH4OAc + 2.5 mM SrCl2 (red) or 150 mM NH4OAc + 1 
mM KCl (grey). The molar ellipticity is calculated from the molecular concentration (250 μM), and the 
thermal melting profiles were collected at a fixed wavelength of 265 nm. 
 
 
A summary  of the CD spectroscopy data for the tetramolecular 7GGT formed  in 
different annealing buffers is shown in Table 4.1. The thermal denaturation profile for 
tetramolecular qDNA  was not reversible under these conditions; therefore, the 
thermodynamic properties were not calculated for this G-quadruplex. 
 
Table 4.1 Summary of CD spectroscopy data for the tetramolecular 7GGT folded in either 100 mM K+, 
150 mM NH4OAc + 2.5 mM SrCl2 or 150 mM NH4OAc + 1 mM KCl. 
 
 
Folding cation 
[θ]x10-5 Tm (°C) 
245 nm 265 nm 265 nm 
100 mM K+ -2.73 7.57 67.0 
+ 2+
 
NH4  / 2.5mM Sr -2.47 6.28 45.7 
+ +
 
NH4  / 1.0 mM K -2.23 6.16 43.0 
 
 
4.2.2        Gas phase characterisation of a tetramolecular G-quadruplex 
 
Tetramolecular G-quadruplexes have been previously studied using mass spectrometry 
in our laboratory183,198   and others.230,231,326   These studies used G-quadruplexes formed 
from sequences with more than three contiguous guanines, resulting in greater qDNA 
stability. Given that the NH4OAc/Sr2+ solution offered slightly greater stability for the 
qDNA (Figure 4.2), it was used to stabilise tetramolecular 7GGT for ESI-MS studies. 
Part I- Chapter 4: Alternate qDNA structures 
103 
 
 
4 
 
 
 
 
The negative ion ESI mass spectrum for tetramolecular 7GGT is shown in Figure 4.3. 
 
The most abundant peak in the spectrum (m/z 1074.2) can be assigned as either ssDNA 
([ssDNA - 2H]2-),   dimeric   7GGT   ([2x7GGT - 4H]4-)   or   tetramolecular  7GGT 
([4x7GGT - 8H]8-); however, its assignment was confirmed as a mix of both ssDNA and 
dimeric 7GGT using IMMS (described below, Figure 4.4a). The most abundant ion that 
can be unambiguously  assigned as tetramolecular 7GGT ([4x7GGT – 5H]5-  at m/z 
1719.1), contained no bound cations, and was substantially lower in abundance than the 
 
peak at m/z  1074.2. Tetramolecular qDNA  with bound cations was present at low 
 
abundance with 1NH + 
 
(m/z  1722.5), 1Sr2+ (m/z  1736.1) or 2Sr2+ (m/z  1753.0) bound. A 
 
peak at m/z 1433.6 that can be assigned as either [2x7GGT - 3H]3-  or [4x7GGT - 6H]6- 
 
was of slightly greater relative abundance than the [4x7GGT – 5H]5- ion. Ions where an 
odd number of Sr2+  ions are bound to tetramolecular qDNA, can be assigned 
unequivocally as [4x7GGT + 1Sr2+ - 6H]6- (m/z  1445.3), [4x7GGT + 3Sr2+ - 6H]6-(m/z 
1476.5), and  [4x7GGT +  5Sr2+  -  6H]6-   (m/z 1505.0 ). The tetramolecular 7GGT is 
expected to accommodate 2Sr2+ ions within the tetrad core of the qDNA; therefore, the 
instances of qDNA  with  >3Sr2+  bound  most likely reflect qDNA  with  excess Sr2+ 
interacting with the DNA phosphate backbone. The low abundance of tetramolecular 
qDNA is unsurprising given its low thermal stability, suggesting a large proportion of 
DNA remains in the ssDNA form,  or dissociates during the ionisation/desolvation 
process. A trimer was also detected, in very low abundance, at m/z 1611.7 ([3x7GGT – 
4H]4-) and m/z 1633.4 ([3x7GGT + 1Sr2+ – 6H]4-). 
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Figure 4.3 Negative ESI mass spectrum of 7GGT obtained using the Q-ToF Ultima™. DNA was annealed 
in 150 mM NH4OAc/2.5 mM SrCl2. The relative abundance of peaks between m/z 1300 – 2300 has been 
magnified 18-fold. Peaks assigned as ssDNA are labelled in black, two-stranded 7GGT in blue, and four- 
stranded 7GGT in red. Bound Sr2+/NH4+ are coloured corresponding to the DNA species to which the 
cations are associated. The ✴ represents [3x7GGT – 4H]4- and the ■ represents [3x7GGT + 1Sr
2+ 
– 6H]4-. 
 
 
ESI-TWIMS  was  used to investigate the tetramolecular 7GGT and  confirm  the 
assignment of ions such as m/z  1074.2 and m/z  1432.6. Conditions for the Waters 
Synapt™ were modified, including IMS and desolvation gas flow, cone, capillary, 
collision energy and trap DC bias voltages, to obtain spectra that were similar to those 
collected using the Q-ToF Ultima™. Conditions were adjusted to minimise the excess 
ammonium adducts that were present (>3NH +); however, conditions favouring fewer 
adducts caused an increase in the abundance of single-stranded DNA (data not shown). 
Table 4.2 lists the settings under which the best resolution spectra were obtained. 
 
Table 4.2 ESI-TWIMS parameters used for the detection of tetramolecular qDNA for the Synapt™ (G1) 
HDMS mass spectrometer. Only parameters that differ from those in Table 2.5, (pg. 40) are listed here. 
 
IMMS Parameter Synapt™ (G1) HDMS 
Cone (V) 40 
Trap Collision Energy (V) 5.0 
IMS gas flow (mL/min) 150 
IMS DC entrance (V) 2.0 
IMS DC exit (V) 5.0 
Wave height (V) 5.5 
 
 
 
Figure 4.4c shows the spectrum obtained on the Waters Synapt™ for the tetramolecular 
 
7GGT. Under all conditions tested, there was no tetramolecular qDNA detected where 
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Sr2+  was the only cation. The most abundant ion observed was [ssDNA – 2H]2-  (m/z 
 
1074.2), followed by [ssDNA – 3H]3- (m/z 715.8). 
 
 
A peak at m/z  1117.2 ([ssDNA + 1Sr2+ – 4H]2-)  is the only ion in the spectrum of 
substantial abundance where Sr2+  was the only cation bound  to DNA. The most 
abundant ion assigned as tetramolecular qDNA  was [4x7GGT + 2NH + - 7H]5-   (m/z 
1726.9) and was in greater relative abundance under the Synapt™ conditions compared 
 
to that of the Ultima™ (cf. Figure 4.4c with Figure 4.3). The presence of tetramolecular 
 
7GGT with  2NH + 
 
bound  supports the assignment of a formed  four-stranded G- 
 
quadruplex with three tetrads and two ammonium ions which are expected to be 
 
sequestered between the planes of the tetrads.224  A peak at m/z 1744.3 is assigned as a 
mixed cation qDNA species, with 1Sr2+ and 2NH + ions bound to qDNA. Mixed cation 
G-quadruplexes have been previously identified using NMR spectroscopy.327 Šket et al.327 
found K+ competed with the binding of radiolabelled NH + ions in qDNA formed from 
two  DNA  strands to produce mixed  cation qDNA  with  1K+  and  1NH +   ion. In 
 
+ + +
 
comparison, only NH4 ions were sequestered within qDNA if Na , rather than K , was 
 
the competing cation. It was hypothesised that the competition of cation binding was 
dependant on the binding affinity of the cation for the G-tetrad. This finding supported 
previous work  which  suggested the binding  affinity  for  these three cations was 
 
+ + 2+ + + +
 
K+>NH4  >Na .  Mixed  Ca /Na and  Tl /Na tetramolecular qDNA  (d[TGGGGT]4) 
 
species have also previously been identified via X-ray crystallography.328,329 
 
 
The driftscope plot for the tetramolecular 7GGT revealed four different complexes in 
the gas phase, ssDNA (1x7GGT), dimeric  7GGT (2x7GGT), tetramolecular 7GGT 
(4x7GGT) and hexameric (six strands) 7GGT (6x7GGT) (Figure 4.4a). The trimer 
species identified using the Ultima™ (Figure 4.3) was not detected on the Synapt™ under 
these conditions. The drift plots in Figure 4.4b for each ion/species confirm m/z 1074.2 
is associated with [2x7GGT – 4H]4- (drift time of 3.2 ms) and [ssDNA – 2H]2- (drift time 
of 5.2 ms), with the latter being in greater relative abundance than the former. The ions 
at m/z  1432.6 correspond to [2x7GGT – 3H]3-  (drift time of 5.9 ms) and [4x7GGT – 
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6H]6-  (drift time of 4.0 ms). The abundant ion at m/z  1726.9 (drift time 6.3 ms) 
 
corresponds to [4x7GGT + 2NH + - 7H]5-. 
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Figure 4.4 Negative ESI–TWIMS driftscope plot of 7GGT annealed in 150 mM NH4OAc and 2.5 mM 
SrCl2. a)Driftscope image where the grouping of species is directly annotated, with the associated charge 
states aligned with each ion. The drift plot shows a complex involving six strands of 7GGT in the 6- and 7- 
charge states, a tetramolecular (4x7GGT) G-quadruplex in the 5-  and 6- charge states, a dimeric 
(2x7GGT) G-quadruplex in the 3- and 4- charge states, and ssDNA (1x7GGT) in the 2- and 3- charge 
states. b) Drift plots for species at different m/z, isolated from the driftscope image. c) The mass spectrum 
of 7GGT tetramolecular qDNA obtained on the Synapt™ and (inset) the spectrum of the hexamer isolated 
from the driftscope image. Peaks assigned as ssDNA are labelled in black, two-stranded 7GGT in blue, 
and four-stranded 7GGT in red. Bound Sr2+/NH4+ are coloured corresponding to the DNA species for 
which the cations are associated. 
 
 
The driftscope image also revealed a series of peaks of very low abundance ranging from 
m/z  1869.6 – 1882.1 (drift time 5.0 ms) and m/z  2182.0 – 2196.7 (drift time 7.5 ms) 
corresponding to six-stranded 7GGT in the 7- and 6- charge state, respectively. Figure 
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4 
4 
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4.5 shows the mass spectrum of the hexamer isolated from the driftscope image. The 
 
hexamer species was composed predominantly  of mixed  cation species. The most 
abundant of these peaks corresponded to hexamer with 2Sr2+ and 2NH + ions bound 
(m/z 1872.5 and m/z 2184.6 for the 7- and 6- charge state, respectively). The hexamer was 
not detected when using the Ultima™; however, the use of ESI-TWIMS permitted the 
selection of this species from driftscope plots thus isolating the hexamer ions in the 
spectrum which were otherwise obscured by noise. 
 
[6x7GGT]6- 
 
 
 
100 
 
 
 
 
 
% 
 
 
 
 
[6x7GGT]7- 
 
 
2+3 
2+2 
2+3 
2+2 
3 
 
 
 
 
2+1 
 
 
 
 
3+1 
 
3+2 
2+1 3 
 
 
2 
0 m/z 
1850 1900 2000 2200 2250 
 
Figure 4.5 Negative ESI-MS of hexamer 7GGT isolated from the driftscope image in Figure 4.4a. The 
number of ions bound to DNA are shown in blue (Sr
2+
) and red (NH 
+
). 
 
The formation pathway of intermolecular tetramolecular qDNA has previously been 
followed using NMR  spectroscopy and was identified predominantly  as a step-wise 
addition  of  DNA  strands from  monomer  to  tetramer, with  dimer  and  trimer 
 
intermediates.330 For d[TG3T]4  the rates of formation  increased with increasing K 
 
concentration; however, the rate of formation  was slower for the d[TG3T]4 tetramer 
 
compared with the d[TG4T]4 tetramer.330  The high abundance of monomer and dimer 
 
7GGT (Figure 4.4c), which may be intermediates in the tetramer formation pathway, 
suggests that the formation  of the tetramolecular 7GGT is incomplete and/or the 
tetramer is susceptible to dissociation to monomeric and dimeric species caused by the 
desolvation and ionisation processes. A mix of monomeric, dimeric, trimeric and 
tetrameric species has been previously observed in the gas phase.326 Rosu et al.326  used 
the DNA  sequence dTG5T to follow  the kinetics of tetramolecular G-quadruplex 
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formation. They used different annealing solutions and tested the composition of the 
 
solution at different time points using ESI-MS. The group identified an equilibrium 
existed between monomeric, dimeric and trimeric species in the absence of an annealing 
cation. Upon the addition of ammonium acetate, tetramolecular qDNA species began 
forming; however, the formation was a slow process with tetrameric ions only detected 
in the gas phase after 1 hr. Moreover, monomeric and dimeric species were still present 
in the gas phase after storing the sample at 4 °C  for 25 days. Ions corresponding to 
monomer were no longer detected if the sample was left for 165 days, leaving qDNA as 
the most abundant species.326 The presence of monomer and dimer 7GGT is consistent 
with the slow kinetics of formation,326,330 however, given the low thermal stability of the 
tetramolecular 7GGT (45.7 °C, Table 4.1), dissociation in the gas phase cannot be ruled 
out. 
 
Rosu et al.326 also observed a pentameric species. It was hypothesised that the pentameric 
species was formed by misaligned or “slipped” DNA strands. Ions associated with a 
pentamer were present at the 10 min and 1  hr time points suggesting a fast rate of 
formation; however, by the 25 and 165 day time points they were not detected. The 
group hypothesised the pentamer undergoes rearrangements to lose one strand to 
produce the tetramolecular form.326 
 
Gas phase detection of hexamer species has not previously been reported; however, 
hexamer formation  has been proposed by Hardin et al.331  as a possible pathway for 
tetramolecular qDNA formation. In their work, CD spectroscopy was used to follow the 
formation  of  two  different  tetrameric G-quadruplexes, d[TG4]4  and  d[TG4T]4,  by 
measuring  the increase in  ellipticity at 264 nm  (maximum of a parallel qDNA). 
Mathematical modelling  for three different pathways of formation  were tested for 
correlation with the CD data: (i) a step-wise strand addition (4 step pathway), (ii) 
dimer-dimer association (2 step pathway), and (iii) triplex-triplex association followed 
by strand dissociation producing a dimer and a tetramer (5 step pathway).331  The major 
intermediate for each proposed pathway differed, with the most dominant  being a 
trimer for pathway (i), a dimer for pathway (ii) and a hexamer for pathway (iii). The 
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modelled data suggested the hexamer intermediate for tetramer formation occurred at 
 
least 5% of the time for both DNA strands tested, however, it was 1.4-fold more likely to 
occur with dTG4  triplexes than the triplexes of dTG4T. The process of hexamer  
tetramer formation was hypothesised to occur via end-end stacking of triplexes. The 
triplexes are formed  by ssDNA binding  with  a dimer. Triplex-triplex stacking is 
mediated by a cation and terminal guanines, followed by a strand “slipping” from one 
triplex to the other to form a tetramer and regenerating the dimer (Figure 4.6).331 It then 
follows that this process would be impeded in the dTG4T sequence due to the terminal 
thymine. This is consistent with the low abundance of hexamer/trimer species observed 
for the 7GGT qDNA, where the trimer/hexamer pathway would be hampered by the 3 
thymine base of the 7GGT sequence. Strand misalignment and “slipping” has also been 
demonstrated with MD simulations using the dTG4 tetramer sequence.317 The presence 
of trimer detected by the Ultima™ (Figure 4.3), albeit of low abundance, suggests the 
hexamer isolated from  the ESI-TWIMS driftscope image may be the product of a 
triplex-triplex association (Figure 4.5). 
 
 
 
 
 
 
+    + 
 
 
 
 
 
 
 
 
Figure 4.6 The proposed pathway of tetramer formation via a hexamer intermediate. Single-stranded 
DNA binds to dimer DNA producing the triplex species. End-end stacking between two triplexes is 
facilitated via cation (green circle). A “slipped” strand (blue bar) from one triplex re-aligns on the other 
triplex, generating the tetramer and regenerating the dimer. Black bars represent DNA strands, grey 
squares are G-tetrads with stabilising cations (orange circle) between the tetrads. Adapted from Harden et 
al.331 
 
 
4.2.3 Ligand binding to tetramolecular G-quadruplex 
 
 
4.2.3.1 Ligand binding specificity for tetramolecular qDNA in the solution phase 
 
Ligand binding  and  stability measurements for tetramolecular 7GGT annealed in 
 
100 mM K+ were conducted using CD spectroscopy. A summary of the CD spectroscopy 
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and CD thermal stability data are shown in Table 4.3, and the experiments that gave rise 
 
to these data are described below. 
 
Table 4.3 Summary  of CD spectroscopy data for 7GGT in the presence of 12 molar equivalents of 
berberine derivative. 
 
  Δ[θ]x10-5  Tm (°C)  ΔTm (°C) 
245 n m 265 nm  265 nm  265 nm 
SST12 
SST26 
SST16 
SST29 
+0.02 
+1.05 
+1.67 
+0.08 
-0.92 
-1.42 
-2.49 
-1.74 
 83.2 
~92 
~91 
89.5 
 +16.1 
~25 
~24 
+22.4 
SST41 +0.74 -1.57  80.6  +13.5 
ΔTm calculated as difference between free qDNA (67.0 °C) and in the presence of x12 ligand concentration. 
 
 
The binding of all ligands caused a decrease in ellipticity at ~265 nm and an increase in 
ellipticity at 245 nm, the magnitude of which was dependant on the ligand. SST12 caused 
the smallest change in ellipticity at both 245 and 265 nm; however, it increased the 
stability of the tetramolecular G-quadruplex by 16.1  °C (Figure 4.7a top and bottom). In 
comparison, SST41 caused a greater change in ellipticity, but had the least effect on 
thermal stability with an increase of 13.5 °C (Figure 4.7b top and bottom). 
 
a) b) 
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10 
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Figure 4.7 CD spectroscopy (top) and thermal melting profiles (bottom) of tetramolecular 7GGT in the 
presence of a) SST12 and b) SST41. Arrows indicate the shift of the 265 nm and 245 nm bands. The molar 
ellipticity is calculated based on the molecular concentration (250 μM). Melting profiles were obtained at 
a fixed wavelength of 265 nm. For the CD spectra and thermal melting profiles,      ligand-free qDNA 
and 1:12. 
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The aromatic-substituted ligands (SST16 and SST29) both had a marked effect on the 
 
thermal stability of the tetramolecular G-quadruplex. Addition of a 12-fold molar excess 
of SST29 increased qDNA  thermal stability by 22.4 °C,  and caused a decrease in 
ellipticity at 265 nm, with a minor increase in ellipticity at 245 nm (Figure 4.8b top and 
bottom). The binding of SST16 had a greater impact on ellipticity and thermal stability. 
Indeed, of all the berberine derivatives, SST16 caused the greatest change in ellipticity. 
Furthermore, there was no further decrease in ellipticity at 265 nm beyond a 2-fold 
molar  excess of  SST16 suggesting saturation, however, the ellipticity at 245 nm 
continued to rise with increasing ligand concentration (Figure 4.8a top). The changes in 
thermal stability also matched those of the ellipticity. The 1:1 qDNA:SST16 mixture had a 
Tm value of 71.3  °C (ΔTm  of 4.2 °C); however, increasing the SST16 concentration to 2 
molar  equivalents, increased the thermal stability by 17.0   °C, to 84.1 °C.  Further 
additions of SST16 caused a marginal increase in Tm  of ~3 °C with each addition. This 
correlates with the trends seen in the change in ellipticity, suggesting qDNA saturation 
may occur at a 1:2 ratio, with further additions of SST16 resulting in an alternate binding 
mode giving only minor changes in ellipticity at 245 nm with minimal effect on thermal 
stability. 
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Figure 4.8 CD spectroscopy (top) and thermal melting profiles (bottom) of tetramolecular 7GGT in the 
presence of aromatic 13-substituted berberine ligands a) SST16 and b) SST29. For the CD spectra, dark 
blue signifies ligand-free 7GGT, grey is increasing concentrations of SST16 and dark red is the final ligand 
concentration (1:12). Arrows indicate the shift of the 265 nm and 245 nm bands. The molar ellipticity is 
calculated based on the molecular concentration (250 μM). Melting profiles were obtained at a fixed 
wavelength of 265 nm. For the CD thermal melting profiles,     ligand-free qDNA,      1:1,       1:2,        1:3, 
1:6 and 1:12. 
 
 
Mixtures of qDNA  and SST26 also exhibited the saturation effect on ellipticity at 
 
265 nm for mixtures 1:3 and greater (Figure 4.9a). For the 1:1  mixture, the thermal 
stability increased to 72.9 C (ΔTm  of 5.8 °C), and tripling the SST26 concentration to 
constitute a 1:3 mixture, caused a further increase of 8.2 °C in thermal stability (Tm  = 81.1 
°C)  (Figure 4.9 inset). Subsequent addition of ligand (1:6  mixture), gave a further 
increase of only 3.5 °C (Tm  value of 84.6 °C). This follows a similar trend observed on 
the addition of SST16, where a minor  increment in thermal stability occurred with 
ligand addition beyond the saturation point of elliptical change at 265 nm. For the 1:12 
mixture, the CD spectrum showed the appearance of a positive ICD band between 340 – 
370 nm  and the thermal stability increased to ~91.5 °C  with the unfolding  of the 
tetramolecular 7GGT incomplete by 95 °C. The ICD band may be indicative of ligand- 
ligand  interactions, a  change  in  binding  mode,  or  ligand  end-stacking on  the 
tetramolecular G-quadruplex (refer to section 1.6.1). 
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Figure 4.9 CD spectroscopy and thermal melting profiles (inset) of tetramolecular 7GGT in the presence 
of increasing concentrations of SST26. For the CD spectra, dark blue signifies ligand-free 7GGT, grey is 
increasing concentrations of SST26 and dark red is the final ligand concentration (1:12). Arrows indicate 
the shift of the 265 nm and 245 nm bands, and the appearance of a positive ICD at 365 nm. The molar 
ellipticity is calculated based on the molecular concentration (250 μM). Melting profiles were obtained at 
a fixed wavelength of 265 nm. For the CD thermal melting profiles,     ligand-free qDNA,      1:1,        1:3, 
1:6, and 1:12. 
 
 
4.2.3.2       Ligand binding specificity for tetramolecular qDNA – ESI-MS 
 
Ligand binding experiments for 7GGT annealed in NH + 
 
and Sr2+ 
 
were conducted using 
 
the ESI-MS conditions described in section 4.2.2. A summary of the binding profiles of 
 
all berberine derivatives to tetramolecular qDNA is shown at the end of this section in 
 
Figure 4.15. 
 
 
Figure 4.10 shows the ESI-MS of 7GGT with increasing concentrations of SST16. 
Single-stranded 7GGT remained the most abundant ion in the spectrum and there was 
no significant decrease in abundance with the addition of ligand. For this reason, only 
the region of dimer and tetramolecular qDNA is shown in Figure 4.10. The abundance 
of  ligand-free tetramolecular DNA  decreased significantly  upon  addition  of  an 
equimolar amount of SST16. For this 1:1 mixture, ions corresponding to ligand-bound 
 
qDNA  with 0, 1,  and 2 NH + ions were detected at m/z  1819.1, 1822.5  and 1825.9, 
 
respectively. Strontium-bound qDNA was also stabilised by ligand in the 1:1 mixture 
 
([4x7GGT + 1xSST16 + 1 Sr2+ - 7H]5-; m/z  1836.6). Ligand-free qDNA, [4x7GGT]5-, was 
detected in the 1:3 mixture, albeit at very low abundance; however, beyond this ligand 
concentration no free [4x7GGT]5- was present. At greater SST16 concentrations (1:9 and 
1:12 mixtures), up to 5 ligands were bound to qDNA and only a low abundance of 
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strontium-bound qDNA with 1 ligand bound remained. Furthermore, ligand binding 
 
favoured strontium-bound qDNA over ammonium-bound qDNA with the most 
abundant ligand-qDNA species being [4x7GGT + 3xSST16 + 1Sr2+  - 7H]5- at m/z 2033.5, 
suggesting there are three binding sites for SST16. 
 
Ligand binding to ssDNA occurred only at higher ligand concentrations (1:9 and 1:12) 
when ligand-free qDNA was no longer present. A maximum of 2 ligands bound to 
ssDNA was detected (m/z 1567.0). Ligand binding to dimer was more difficult to assign 
as m/z  1598.1 can be assigned to [2x7GGT+1xSST16]3-  and/or [4x7GGT+ 2xSST16]6-; 
however, upon addition of ligand (1:1 – 1:12), there was a decrease in abundance of the 
[4x7GGT]6- ions that could be unambiguously assigned, such as, [4x7GGT + 1Sr2+ - 8H]6- 
(m/z 1446.7), [4x7GGT + 3Sr2+ - 12H]6-   (m/z 1476.5), and [4x7GGT + 5Sr2+ - 16H]6-  (m/z 
1505.0). It follows that the decrease in abundance of these ligand-free ions may indicate 
the qDNA-SST16 is present in the 6- charge state. Moreover, for the 1:9  and 1:12 
mixtures, the peak at m/z 1694.4 can be assigned as [4x7GGT + 3xSST16 + 1Sr2+  - 8H]6-, 
suggesting lower binding stoichiometries may exist in the 6- charge state. At these 
higher amounts of SST16, there appeared to be a preference for Sr2+ as the stabilising 
cation. 
 
The binding profile of SST16 obtained by ESI-MS supports the CD spectroscopy data 
 
(section 4.2.3.1) despite different annealing conditions for the 7GGT tetramer (K+  for 
 
+ 2+
 
solution phase and NH4 +Sr for gas phase). The CD spectroscopy data suggest DNA 
 
saturation with no further change in ellipticity at 265 nm and only small increases in 
 
thermal stability (~3 °C) for mixtures greater than a 2-fold molar excess (Figure 4.8a). In 
support of qDNA saturation, ESI-MS indicated a very low abundance of ligand-free 
qDNA was present for the 1:3 mixture and greater. Furthermore, further additions of 
SST16 increased the abundance of a 3:1  binding  stoichiometry and higher binding 
stoichiometries (4:1 and 5:1). This supports the hypothesis that the small increases in 
thermal stability, and a continued increase in ellipticity at 245 nm (Figure 4.8a) may be 
SST16 binding  in an alternate binding  mode, resulting in higher binding 
stoichiometries. 
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Figure 4.10 Negative ion ESI mass spectra showing the region of dimer and tetramolecular 7GGT in the 
presence of increasing concentrations of SST16. Number of cations bound to DNA are shown in red 
+ 2+
 
(NH4 ) and blue (Sr ). The * signifies the peak can be assigned as either [2x7GGT+1 lig.]3- or [4x7GGT+2 
lig.]6-. The indicates the peak can be either [2x7GGT+1 lig.+ 1Sr2+]3-  or [4x7GGT+2 lig.+ 2Sr2+]6-.   For 
clarity, peaks associated with ligand-free [2x7GGT]3-/[4x7GGT]6- have not been fully annotated. Only ions 
which can be unambiguously assigned as [4x7GGT + x Sr
2+
]6- have been denoted with the number of 
strontium ions for this region. 
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ESI-TWIMS was used to determine if the binding of SST16 changed the abundance of 
 
qDNA with bound strontium ions or the abundance of the hexamer species. A 12-fold 
molar excess of SST16 was added to 7GGT and run under the same ESI-TWIMS 
conditions used in section 4.2.2. Under these conditions, a maximum of 5 ligands bound 
to tetramolecular 7GGT was detected, comparable to the stoichiometries obtained using 
the Ultima™. The driftscope image identifies ligand binding to ssDNA, dimeric, 
tetrameric and hexameric species (Figure 4.11a). The drift plot and drift times for each 
species are shown in Figure 4.11b. The drift times for 4x7GGT with ligand were 5.2 and 
7.6 ms for the 6- and 5- charge  states, respectively. This is an increase of 1.2 and 1.3 ms in 
drift times in comparison to the ligand-free qDNA species, which had drift times of 4.0 
and 6.3 ms for the 6- and 5- charge states, respectively (Figure 4.4b). An increase in drift 
time (increase in CCS) occurred for all species upon ligand binding. 
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Figure  4.11 Negative ion ESI–TWIMS driftscope plot of 7GGT annealed in 150 mM NH4OAc and 2.5 mM 
SrCl2 in the presence of a 12-molar excess of SST16. a)Driftscope image where the grouping of species is 
directly annotated, with the number of ligands bound. The drift plot shows ligand binding involving 
hexameric 7GGT (6x7GGT) in the 6- and 7- charge  states, a tetrameric (4x7GGT) G-quadruplex in the 5- 
and 6- charge states, a dimeric (2x7GGT) G-quadruplex in the 3- and 4- charge states, and ssDNA 
(1x7GGT) in the 2- and 3- charge states. b) Drift plots of the four different complexes (ssDNA, dimer, 
tetramolecular and hexamer) with ligand bound, isolated from the driftscope image. The drift times are 
directly annotated and the associated charge state is denoted by ‘z’.  c) The mass spectrum of 7GGT 
tetramolecular qDNA with ligand obtained on the Synapt™. Peaks assigned as ssDNA are labelled in black, 
two-stranded 7GGT in blue, and four-stranded 7GGT in red. 
 
 
The cation distribution and ligand binding profile can be further studied by isolating the 
qDNA species and hexameric species from the drifscope image. Figure 4.12 shows the 
isolated mass spectra of qDNA and hexamer DNA with ligand bound. Ligand binding 
favours cation-bound qDNA, in particular, qDNA with 2 cations present. In agreement 
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with the binding stoichiometries identified using the Ultima™, a maximum of 5 ligand 
 
molecules were bound to qDNA, with a binding stoichiometry of 3:1 being the most 
abundant. Furthermore, the Synapt™ indicates the ligand binds to qDNA with 2NH + but 
favours species with 1Sr2+ and 1NH + sequestered within the same qDNA (Figure 4.12a). 
In comparison, the Ultima™ indicated that ligand binding favoured qDNA with 1Sr2+ 
(Figure 4.10). The preference for qDNA with 1Sr2+ and 1NH + (Synapt™) is exhibited for 
both the 5- and 6- charge states. Ligand-binding to the hexamer species favours DNA 
 
with 2Sr
2+ 
+ 2NH 
+
 sequestered within the tetrad, and accommodates up to 5 ligands 
 
bound (Figure 4.12b). 
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Figure 4.12 Negative ion ESI mass spectra of 7GGT with a 12-fold molar excess of SST16 isolated from 
drift plots shown in Figure 4.11a. a) Mass spectrum of tetramolecular 7GGT showing both charge states 
(6- and 5-) detected and b) the hexamer in the 7- charge state. Number of ions bound to DNA are shown 
in blue (Sr
2+
) and red (NH 
+
). 
 
 
Figure 4.13 shows the ESI mass spectra of 7GGT in the presence of a 12-fold molar 
excess of the remaining berberine derivatives, SST12, SST26, SST29 and SST41. All of 
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these derivatives were able to bind to tetramolecular 7GGT with a binding stoichiometry 
 
up to 4:1, except SST41 which exhibited a maximum binding stoichiometry of 5:1. The 
most abundant ligand-qDNA complex contained 2 bound ligands. SST12 exhibited a 
higher binding affinity to NH +-stabilised qDNA than the other berberine derivatives as 
judged by the greater relative abundance of NH +-bound qDNA than observed for the 
other  derivatives. The  most  abundant   ligand-bound  species  for  SST12 were 
[4x7GGT + 2xSST12 + 1Sr2+ -  8H]6-  (m/z  1895.3) followed by [4x7GGT + 2xSST12 + 
 
1NH + 
 
- 8H]6- (m/z  1881.6). Furthermore, qDNA-SST12 complexes without stabilising 
 
cations were also detected at m/z 1799.5 and 1878.2. In comparison, SST26 favoured Sr2+- 
bound DNA with no NH +-bound DNA detected with the most abundant peak being 
[4x7GGT + 2xSST26 + 1Sr2+ - 8H]6- (m/z 1929.3). SST12 also displayed a greater binding 
affinity for ssDNA than SST26. The relative abundance of ssDNA-ligand complexes was 
assessed as a percentage of the sum of ssDNA (m/z 1074.8 and 1117.8) and ligand-bound 
ssDNA. SST12-bound ssDNA constituted 20.1% of ssDNA complexes, compared with 
8.9% for SST26-bound ssDNA. SST41 had the lowest binding affinity for ssDNA at 2.7%, 
and SST29 and SST16 had similar binding affinities: 11.1% and 12.7%, respectively. 
 
SST29 showed a similar binding pattern to SST16, in that ligand binding  favoured 
Sr2+-bound qDNA, with NH +-bound qDNA present at low abundance. In comparison 
to   SST16,  the   major    ligand   complex   for   SST29   was   at   m/z     1922.2 
([4x7GGT + 2xSST29 + 1Sr2+ - 8H]6-), suggesting the 2-naphthyl substitution of SST16 
favours a higher binding stoichiometry than the fluorobenzyl substitution of SST29 (3:1 
for  SST16 compared with  2:1  for  SST29). The tetramolecular 7GGT was able to 
accommodate  up to 5 SST41 molecules. The ligand  showed  a preference for the 
strontium-bound qDNA with [4x7GGT + 2xSST41 + 1Sr2+  - 8H]6- (m/z 1866.8) being the 
most abundant ligand-qDNA complex. 
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Figure 4.13 Negative ion ESI mass spectra of 7GGT with a 12-fold molar excess of SST12, SST26, SST29 or 
SST41 showing the region containing the dimer and tetramolecular qDNA. Number of cations bound to 
+ 2+ 
DNA  are shown  in red (NH4 ) and blue (Sr ). The *  denotes the peak can be assigned as either 
[2x7GGT+1 lig.]3-  or [4x7GGT+2 lig.]6-. The indicates the peak can be assigned as either [2x7GGT+1 
lig.+ 1Sr2+]3-   or [4x7GGT+2 lig.+ 2Sr2+]6-.     For clarity, peaks associated with ligand-free [2x7GGT]3- 
/[4x7GGT]6- have not been fully annotated. Refer to Figure 4.3 and section 4.2.2 for full annotation and 
description of ligand-free dimer/tetramer. 
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Ligand binding to tetramolecular 7GGT has been previously investigated by coupling 
 
MD simulations with NMR spectroscopy.332 Gavathiotis et al.332 investigated the binding 
properties of RHPS4 (Figure 4.14a), a well-characterised G-quadruplex ligand (refer to 
section  1.5.2). NMR spectroscopy was used to follow the binding of RHPS4 as increasing 
concentrations of ligand were added. At ligand-qDNA ratios up to 1:1,  there was a 
significant line-broadening of qDNA  imino  protons suggesting ligand  binding.  A 
sharpening of these bands occurred with a 1:2 ligand-qDNA mixture indicating an end- 
point in the ligand titration and supporting a binding stoichiometry of 2:1. The 
broadening of the peaks at the lower ligand concentrations was indicative of a fast 
exchange of RHPS4 between the binding sites of tetramolecular qDNA. RHPS4 was 
found to bind via an end-stacking binding mode interacting with the terminal G-tetrads, 
intercalating between dG/dT at the 3 end, and dG/dA and the 5 end of the qDNA 
(Figure 4.14b).332 MD  simulations using the NMR  spectroscopy data suggested the 
ligand aligns with the tetrad so the positively charged acridine moiety is centred above 
the core of the G-tetrad. 
 
 
 
 
 
 
a) b) 
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N+ 
F 
 
 
N 
 
 
 
 
RHPS4 
 
 
Figure 4.14 The binding of RHPS4 to tetramolecular 7GGT. a) The structure of RHPS4. RHPS4 has a 
positively charged nitrogen in the acridine moiety which is increased by the electron withdrawing effects 
of the two fluorine atoms. b) VMD visualisation of two RHPS4 molecules (green) intercalated between 
adenine (blue outline) and guanine (orange outline), and guanine and thymine (beige). Potassium ions 
are shown in yellow, and the DNA backbone is shown in beige. Redrawn from Gavathiotis et al.332 
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A summary of the binding profiles of the berberine derivatives for tetramolecular qDNA 
 
based on ESI-MS experiments is shown in Figure 4.15. Given that ssDNA remained the 
most abundant peak in all spectra, and the dimer/tetramolecular qDNA could not be 
assigned unambiguously, only the 5- charge state of tetramolecular qDNA was used to 
generate the binding  profiles. The binding  profiles indicate SST12 and SST26 have 
similar binding stoichiometry patterns, with the latter showing slightly greater binding 
affinity. SST41 has a broad binding profile, whereas SST16 favours 3 ligands bound. It is 
not surprising that SST41 had the broadest binding profile since it is the least substituted 
derivative relative to berberine. Berberine shows the least selectivity for qDNA over 
dsDNA and is thought to employ multiple binding modes.182,184,185,188 
 
In comparing the solution-phase thermal stability (section 4.2.3.1) with the binding 
stoichiometries determined by ESI-MS, SST41 binding gave the smallest increase in 
thermal stability (ΔTm  of +13.5 °C) despite extensive ligand binding detected using ESI- 
MS. This suggests the binding site/s of SST41 may not offer increased stability for the 
tetramolecular qDNA. SST12 showed the highest relative abundance of ligand-bound 
ssDNA (20.1%) which may reflect the ΔTm  in the solution phase being +16.1 °C. SST16, 
SST26 and SST29 all increased the thermal stability of 7GGT qDNA by more than 20 °C, 
and their respective binding profiles indicate a low binding for ssDNA in conjunction 
with a dominant  ligand-qDNA binding stoichiometry. The favoured 2:1 binding 
stoichiometry of the berberine derivatives (except SST16) suggests ligand binding may 
occur via an end-stacking mode  similar  to that described by Gavathiotis et  al.332 
Furthermore, CD spectroscopy showed that a saturation point for binding of SST26 to 
qDNA occurred in mixtures where the qDNA:ligand ratio was ≥1:3. The exception to 
this is SST16, which showed a 3:1 binding stoichiometry, yet the solution phase indicates 
qDNA saturation at a 2-fold molar excess marked by an end-point in ellipticity change 
at 265 nm. A second binding mode for SST16, such as groove-binding, may account for 
the continued change in ellipticity at 245 nm for greater ligand concentrations, giving a 
binding stoichiometry of 3:1. 
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Figure 4.15 Summary of ligand binding to tetramolecular 7GGT as detected by negative ion ESI-MS. The 
abundance of ligand-bound 7GGT is assessed by calculating the abundance of each ion corresponding to 
tetramolecular 7GGT as a percentage of the sum of the abundances of all ions in the spectrum. 
 
 
4.2.4        Theoretical binding mode of berberine derivatives to 7GGT 
 
Docking experiments were undertaken for all berberine derivatives with a 
tetramolecular 7GGT structure solved by NMR  spectroscopy (PDB ID: 1NP9)86  as 
described in section  2.8.1. Table 4.4 summarises the binding affinities for each ligand in 
the top binding mode. 
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Table 4.4 Binding affinities (kJ.mol-1) for the top binding mode of berberine derivatives for tetramolecular 
7GGT as calculated by Autodock Vina.264 
 
 
Ligand 
Binding Affinity 
(kJ.mol-1) 
SST12 -32.6 
SST26 -27.2 
SST16 -33.0 
SST29 -33.9 
SST41 -34.7 
 
 
 
 
Figure 4.16 shows representations of the top binding mode of each ligand with 7GGT. 
 
All ligands interacted with the groove regions, with no ligand exhibiting intercalation or 
end stacking. The top binding modes for each ligand occurred at two different binding 
sites (Figure 4.16 tan and grey boxes); however, when viewing the 20 binding modes for 
each ligand, the ligands were distributed approximately equally across the two sites. 
SST29, SST12 and SST26 were located in binding site 2 with the 13-substituent, methoxy 
linker faced inward within the groove, and the positively charged amine of the berberine 
backbone faced outward  toward  the phosphate backbone. In  each case, the 13- 
substituent of each ligand interacted with the adjacent DNA backbone. The top binding 
mode of SST41 and SST16 was located in binding site 1. SST41  bound within the groove 
of the DNA via the inner crescent of the berberine molecule with the amine group 
facing toward the phosphate backbone, as was observed for SST29, SST12 and SST26. 
The top binding mode of SST16 had the ligand orientated with the amine face inward 
toward the groove, and the 13-substituent interacting with the adjacent phosphate 
backbone. Docking showed all ligands bound to the groove of tetramolecular qDNA. 
SST41 had the highest binding  affinity (-34.7 kJ.mol-1)  and SST26 had the lowest 
(-27.2 kJ.mol-1). This is in contradiction with the solution phase thermal stabilities (CD 
spectroscopy melting profiles) where SST41 had the least impact on thermal stability, 
and SST26 had the greatest impact; suggesting the docking binding affinity alone is 
insufficient to rank the ligands. This is supported by systematic benchmarking studies of 
AutoDock Vina binding affinities reporting an error of 2.85 kcal.mol-1 (11.8 kJ.mol-1). 264 
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Figure 4.16 VMD representation of tetramolecular 7GGT with the top binding mode for each ligand 
docking. SST16 and SST41 bound in binding site 1 (tan box) and SST29, SST12 and SST26 bound in 
binding site 2 (grey box). Atoms for each ligand are coloured as carbon in green; nitrogen in blue; oxygen 
in red; fluorine in purple (SST29 only) and polar hydrogens in white. 
 
 
4.2.4.1       Molecular dynamic simulations of 7GGT with berberine derivatives 
 
Given that docking uses a rigid target (DNA structure) for ligand binding, the absence 
of an intercalation/end stacking binding mode is not unexpected (discussed in section 
3.2.1). To investigate these binding modes further, explicit solvent MD simulations were 
run on some of the ligand-7GGT complexes, selected based on the experimental data 
described in sections 4.2.3.1 and 4.2.3.2. 
 
SST16 was chosen given its high increase in thermal stability of tetrameric 7GGT, and 
the difference in binding stoichiometry from the other ligands; SST41 was also chosen 
given its extensive binding detected in the gas phase, but its smaller change in thermal 
stability, and SST29 was chosen as a direct comparison to SST16 for the change in 
aromatic substitution. All simulations were run as described in section 2.8.2, with 3 ns of 
restrained simulation, followed by 50 ns of free equilibrium simulations, totalling 53 ns. 
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Root mean square deviation (RMSD) plots were generated to examine the movement of 
 
the DNA  backbone and  then determine  any  differences in  the RMSD  between 
ligand-bound and free 7GGT qDNA. Figure 4.17c shows the RMSD plot for ligand-free 
7GGT. After the phosphate backbone restraints are removed (over 3 ns), the RMSD 
stabilises around 3 Å. For all three replicates, the tetramolecular qDNA structure reaches 
convergence after ~2 ns of simulation without restraints, meaning the RMSD reaches a 
steady state and does not continue to increase, indicating the structure is considered 
stable. The G-tetrads remain stable with limited movement throughout the simulation 
(Figure 4.17a orange), as do the adenines which form a fourth tetrad-like structure 
(Figure 4.17a blue). An adenine tetrad is in agreement with NMR and MD simulations 
of 7GGT by Gavathiotis et al.86  The 5 thymines are the most labile residues within the 
qDNA structure (Figure 4.17a pink). The movement of K+ ions is different between the 
three replicates (Figure 4.17b). In replicate A, both ions remain bound throughout the 
simulation; however, replicate B has the bottom-most K+ ion leaving the qDNA within 
12 ns of unrestrained simulation and the ion is not replaced by ions from the 
surrounding solvent. At ~10 ns in replicate C, the upper-most K+  ion moves from 
between G-tetrad 1 and 2, to sit between the A-tetrad and G-tetrad. 
 
Movement and loss of centrally located monovalent ions has been previously reported 
for qDNA structures when using the CHARMM force field.333 It was argued that the 
parametrisation of the ions was for bulk solvent interactions rather than for the specific 
case of internalisation in the qDNA central channel. Furthermore, it was noted that the 
CHARMM 27 (C27) force field underestimated the energy of the interaction between K+ 
and the O6 atom of the G-tetrad compared to quantum mechanical evaluation. A range 
of AMBER force fields was also unable to correctly simulate internal cations.333 It should 
be noted that reparametrisation of the C27 force field used in the work by Fadrná et 
al.,333 gave rise to the CHARMM 36 (C36) force field used in our MD simulations. The 
newer parameters improved the nucleic acid interactions with the surrounding ionic 
environment and offered a better simulation of A-, B- and Z-DNA conformations.270 
The new parameters of C36 force field were not tested against internal monovalent 
cations in qDNA and may not offer a better approximation for internal monovalent 
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cations. Given that one K+  ion is expected to coordinate between two adjacent G- 
tetrads,82,231  the 7GGT qDNA is expected to maintain two K+ ions; therefore, the loss of 
K+ from 7GGT may not relate to the stability of the complex, but may be an artefact of 
the simulation. 
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Figure 4.17 VMD representation of MD simulations of 7GGT. a) A time-lapse overlay for each replicate 
A, B and C. The guanines are shown in orange, the adenines in blue, and thymines in tan. The thymines 
with the greatest movement are highlighted pink. The backbone is not shown for clarity. b) Snapshot 
images at 53 ns showing the placement of K
+ 
ions (yellow) for replicates A, B and C. The DNA backbone 
is tan, guanines are outlined in orange, adenines in blue, and thymines outlined in tan. c) RMSD chart, 
plotting the distance (Å) the backbone of 7GGT has deviated from its starting conformation for replicates 
A (blue), B (orange) and C (yellow). 
 
 
The top binding modes (shown in Figure 4.16) for SST41, SST16 and SST29 were chosen 
as the starting structures for the MD simulations of ligand and qDNA. Figure 4.18 shows 
the time-lapse images of SST41 movement during the simulation per 1 ns, from 0 ns 
(red) to 53 ns (blue). The ligand moved from its original binding pocket in all three 
replicates; however, replicate A was the only data set where the ligand remained bound 
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throughout the entire simulation (Figure 4.18 replicate A). Replicate B showed SST41 
 
dissociating and rebinding  via end-stacking on the terminal guanines (Figure 4.18 
replicate B). SST41 unbound from 7GGT at 20 ns in replicate C, but did not rebind for 
more than 1 ns (Figure 4.18 replicate  C). 
 
 
 
 
A B C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.18 MD simulations of 7GGT with the top binding mode for SST41. A time-lapse representation 
for the movement  of SST41  during  53 ns for each replicate A,  B and C. The ligand is coloured 
transitioning from red (0 ns), through grey to blue (53 ns). 
 
 
The RMSD (Figure 4.19b) for the heavy atoms of SST41 is calculated by superimposing 
the nucleic acid with respect to the initial reference structure. It monitors the ligand 
movement with respect to the predicted binding site. In this way, it is a representation of 
ligand stability/ affinity for a particular binding mode. It is immediately apparent SST41 
in replicate A reaches a steady state after 3 ns, deviating ~8 Å from its original binding 
position (Figure 4.19b, blue). This positioned the ligand with the –O-CH3 and –OH 
groups of the berberine backbone interacting with adenine tetrad and displacing the 
terminal thymines (Figure 4.19a, replicate A(III)).  A sharp increase in RMSD was 
observed for replicate B when the ligand left the binding pocket. The ligand rebound via 
an end-stacking binding  mode  interacting with  the G-tetrad at ~35 ns, with  the 
positively charged amine group faced toward the backbone. Furthermore, SST41 
remained in this position for the remainder of the simulation, which is ~14 Å from its 
starting position. Replicate B also loses its bottom-most K+  ion in the first 10 ns. The 
RMSD plot for replicate C shows the ligand leaving the binding pocket by 25 ns. SST41 
had  some  interaction with  the qDNA  between 25 and  30 ns  before completely 
dissociating, and moving around in the solvent box between 30 and 50 ns. In the final 3 
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ns of simulation SST41 interacts with the phosphate backbone, however, it fails to 
 
remain bound (Figure 4.18 replicate  C). 
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Figure 4.19 MD simulations of 7GGT with the top binding mode for SST41. a) Snapshot images of the 
movement of SST41 for each replicate A, B and C, and time points (I), (II) and (III). Atoms for each 
ligand are coloured as carbon in green; nitrogen in blue; oxygen in red and hydrogen in white. The DNA 
backbone is tan, guanines are outlined in orange, adenines in blue, and thymines outlined in tan. K
+ 
ions 
are in yellow. For clarity, the thymine residues are not shown in replicate A/B, (III) top/bottom view. 
b) RMSD  chart, plotting the distance (Å) SST41 has deviated from  its original binding  pocket for 
replicates A (blue), B (orange) and C (yellow). The time points with associated snapshots are at 25 ns (I), 
33 ns (II) and 53 ns (III). 
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SST16 remained more tightly bound in its original binding pocket than SST41, as judged 
 
by the limited movement of SST16 over the course of the simulation (Figure 4.20a). For 
replicates B and C the bottom-most K+ ion was released during the simulation and was 
not  replaced by ions  from  the bulk  solvent. Replicates A  and  C both  reached 
convergence after ~3 ns with an RMSD of ~5 Å; however, the RMSD for SST16 in 
replicate B was slowly increasing with time, indicating the ligand continued to move 
further away from its original binding position. At 22 ns in replicate B, SST16 briefly 
dissociated from 7GGT (Figure 4.20b, replicate B(II)), but rebound within 2 ns via the 
2-naphthyl group interacting with the terminal thymines (Figure 4.20b, replicate B(III)). 
The RMSD  continued to increase, as the ligand  repositioned with  the berberine 
backbone further in to the groove of 7GGT, using the 2-naphthyl group as an anchor. At 
53 ns, the RMSD for SST16 in replicate B was ~11 Å. 
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Figure 4.20  MD  simulations  of  7GGT with  the top binding  mode  for  SST16. a)  A  time-lapse 
representation for the movement of SST16 during 53 ns for each replicate A, B and C. The ligand is 
coloured transitioning from red (0 ns), through grey to blue (53 ns). The K
+ 
ions are coloured in yellow 
and grey, to show the displacement of the bottom K
+ 
ion (grey). b) Snapshot images of the movement of 
SST16 for replicate B, and time points (I), (II), (III)  and (IV). Atoms for each ligand are coloured as 
carbon in green; nitrogen in blue; oxygen in red and hydrogen in white. The DNA backbone is tan, 
guanines are outlined in orange, adenines in blue, and thymines outlined in tan. c) RMSD chart, plotting 
the distance (Å) SST16 has deviated from its original binding pocket for replicates A (blue), B (orange) 
and C (yellow). The time points with associated snapshots are at 10 ns (I), 22 ns (II), 24 ns (III). 
 
 
Figure 4.21 shows the time-lapse representation of the movement of SST29. In replicates 
A and B the ligand dissociated from the groove of 7GGT, with replicate A exhibiting 
more ligand movement (Figure 4.21 replicate A and B). In replicate C, SST29 remained 
bound to qDNA at the original binding site (Figure 4.21 replicate  C). 
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Figure 4.21 MD simulations of 7GGT with the top binding mode for SST29. A time-lapse representation 
for the movement  of SST29 during  53 ns for each replicate A,  B and C. The ligand is coloured 
transitioning from red (0 ns), through grey to blue (53 ns). 
 
 
Replicates B and C of 7GGT-SST29 both reached convergence (Figure 4.22b, orange and 
yellow, respectively), and both maintained 2 K
+  
ions for the entire simulation. SST29 
remained in the original binding pocket for replicate C reaching convergence at ~3 ns, 
with a final RMSD of ~5 Å; whereas in replicate B, the fluorobenzyl of SST29 interacted 
with a terminal thymine and the ligand was repositioned with the substitution 
intercalating between two 5 thymines and the berberine backbone in the groove of the 
DNA (Figure 4.22a, replicate B(III)); convergence was reached at ~32 ns with an RMSD 
of ~16 Å. In comparison, in replicate A, SST29 failed to find a suitable binding site after 
dissociation at 15 ns. Between 22 and 33 ns SST29 interacted through its methoxy linker 
with the backbone of the DNA (Figure 4.22a, replicate A(II));  however, the ligand 
dissociated again at 33 ns and did not rebind (Figure 4.22a, replicate A(III)). 
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Figure 4.22 MD simulations of 7GGT with the top binding mode for SST29. a) Snapshot images of the 
movement of SST29 for replicates A and B, at time points (I), (II) and (III). Replicate A shows SST29 
changing binding pockets, with inset image showing original view, followed by rotated view (II). Atoms 
for each ligand are coloured as carbon in green; nitrogen in blue; oxygen in red; fluorine in brown and 
hydrogen in white. The DNA backbone is tan, guanines are outlined in orange, adenines in blue, and 
thymines outlined in tan. b) RMSD chart, plotting the distance (Å) SST29 has deviated from its original 
binding  pocket for replicates A (blue), B (orange) and C (yellow). The time points with associated 
snapshots are at 15 ns (I), 30 ns (II) and 53 ns (III). 
 
 
Caution should be taken when comparing MD simulations with solution phase data, as 
several factors influence the simulations, including: (i) the force field parametrisation 
used (i.e. CHARMM, AMBER and different versions within, and the related models for 
ligands), (ii) the quality of the starting structure; in this case, the quality of the docked 
ligand-qDNA structure, and (iii) a sufficient conformation sampling time. 
 
Differences between the AMBER and C36 force field parameterisation have not been 
thoroughly tested for G-quadruplex DNA  in the literature; however, the reader is 
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directed to Fadrná et al.333  and Šponer et al.313  for comparisons between AMBER force 
 
fields and the previous version of CHARMM, C27, with G-quadruplex structures. More 
recently advances have been made to the AMBER force field to improve modelling of 
dsDNA. The improvements produced dsDNA models that deviate 1  Å from 
experimentally derived structures, as compared to C36 (used within the current work) 
which showed a deviation of 1.3 Å.334   It must also be considered that the starting 
structures are created using ligand  docking calculations, where there are possible 
limitations for ligand binding through end-stacking and/or G-tetrad intercalation due to 
steric hindrance from loop regions, as previously discussed. Furthermore, the relatively 
short duration of these calculations, (MD simulations at a ns scale), may be insufficient 
for poorly estimated starting structures to be equilibrated.335 Analysis of MD simulations 
should also take into account the method by which the initial DNA structure was 
obtained. In our case, the 7GGT structure was obtained in the solution phase by NMR 
spectroscopy, where several conformers of the structure are present; therefore, docking 
and MD simulations should be performed with a range of the DNA structures obtained 
to mimic the ensemble of the flexible DNA in aqueous solutions. Comparatively, X-ray 
crystallography generates a single qDNA structure, but structures are obtained at low 
temperatures and where artefacts of crystal packing may exist; therefore, G-quadruplex 
structures may  exhibit  conformations  that are not  indicative of  solution  phase 
structures. 
 
The CHARMM  general force field (CGenFF) was used to assign the ligand 
parameters.271-273   To assess the reliability of the fitted force field, penalty scores are 
assigned to partial charges and parameters. Scores of 10 – 50 indicate basic validation is 
recommended, and scores greater than 50 indicate optimisation and validation may be 
required.272,273  All berberine derivatives registered a charge penalty score of 73.1 for the 
C6 carbon (Figure 4.23). The high charge penalty calls for further optimisation in future 
work using a quantum mechanical fitting consistent with the CHARMM biomolecular 
force field for the charges. 
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Figure 4.23 Chemical structure of berberine with the numbering of carbon atoms (brought forward from 
Figure 2.1 for reference). 
 
 
The thermodynamic cycle showing the relationship between ΔTm  and the difference in 
ΔG of the qDNA and qDNA-ligand states is shown in Figure 4.24. The ΔTm  of ligand- 
bound qDNA is calculated from the experimentally derived values of Tm, 1, the melting 
temperature of qDNA alone, and Tm,  2, the melting temperature of a qDNA-ligand 
complex (indicators for ΔG1   and ΔG2,  respectively). The energy difference between 
qDNA (unfolded) and qDNA (unfolded) + ligand (ΔG4) is assumed to be very small or 
equal to zero; therefore, the difference between ΔG2 and ΔG1  (ΔΔG), is equal to ΔG3. 
Given that ΔG2 is proportional to Tm,  2 and ΔG1  is proportional Tm,  1,  ΔΔG will be 
proportional to ΔTm; therefore, ΔTm  is proportional to ΔG3. It follows that ΔG3  is a 
measure of the stability imparted on the qDNA by a ligand binding. The number of 
dissociation/association events between qDNA and ligand in the MD simulations can be 
used as qualitative measure of ΔG3 and validated by the ranking of ΔTm  values obtained 
experimentally. 
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Figure 4.24 a) The thermodynamic cycle relating the unfolding of the qDNA and qDNA-ligand systems, 
and b) the relevant mathematical relationships. 
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Taking these factors into account, the MD simulations indicate SST16 as a better binder 
 
to tetramolecular qDNA  than both SST29 and  SST41, based on  the number  of 
dissociation/association events of the ligands for their respective binding  pockets. 
Despite the docked binding affinities of SST16 and SST29 being similar (Table 4.4), 
SST16 exhibited a more stable binding mode with 7GGT, where the ligand dissociated 
only once briefly in one replicate before rebinding. Comparatively, SST29 dissociated 
and failed to rebind in one replicate (replicate A), changed binding mode to substitution 
intercalation in another (replicate B), and remained bound in the original binding mode 
in  the final  replicate (replicate C).  In  both  SST16 and  SST29, the 13-aromatic 
substitution interacted with the thymine and/or adenine residues of the DNA. 
 
SST41 had the greatest binding affinity according to docking data; however, in two 
replicates SST41 dissociated, with one replicate showing rebinding in an end-stacking 
binding  mode, and SST41 failed to rebind in the other replicate.  The end-stacking 
binding mode is more commonly reported for G-quadruplex ligands with aromatic ring 
systems.171,232,332   Despite the relatively short time scale of the simulation (53 ns), the 
readiness of SST41 to change binding mode not only indicates that end-stacking may be 
the preferred binding mode, but also highlights the limitations of docking. The mobility 
of the thymine residues during MD simulations allowed the accommodation of SST41 
into an end-stacking binding mode; a binding site which was otherwise inaccessible 
during docking as the DNA structure is kept static. It must also be acknowledged that 
such changes in the qDNA structure may be an effect of the MD force field used. 
 
The ranking of ligands based on ΔTm  data obtained by CD spectroscopy, showed SST16 
 
> SST29 > SST41 (Table 4.3). The same ranking was identified using MD simulations, 
based on the number of dissociation/association events. In this way, the MD simulations 
are a better reflection of the solution phase results, than the docking experiments, which 
indicated SST41 > SST29 > SST16, based on binding affinity (Table 4.4). 
 
4.3       Intramolecular G-quadruplexes in Na
+ 
or K
+ 
solutions 
 
The qDNA structure types of the 22AG sequence have previously been shown to be 
affected by the stabilising cation.81,82,87,336   An  intramolecular, antiparallel qDNA  is 
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expected to form when 22AG is annealed in Na+-containing solutions;94 whereas hybrid- 
type and chair-type qDNA have been reported to form in K+-containing solutions.81,99,337 
There are some limitations to characterising these qDNA structures such as determining 
strand and  ligand  binding  stoichiometry via mass spectrometry, given that high 
potassium and sodium solutions are incompatible with this method of detection. 
Instead, techniques such as CD spectroscopy, FRET and MD simulations were utilised 
to determine structural conformation, strand orientation and thermal stability of qDNA 
in the absence and presence of ligand. 
 
4.3.1        Intramolecular G-quadruplexes in Na
+ 
solution 
 
The antiparallel, intramolecular qDNA was formed with the 22AG DNA sequence as 
described in section 2.2.2, Table 2.2. CD spectroscopy was used to determine the 
conformation of 22AG annealed in Na+  solution (Figure 4.25a). The spectrum showed a 
maximum ellipticity at 295 nm and 220 nm and a minimum at 265 nm, consistent with 
an  antiparallel, basket-type G-quadruplex.87,94,95 The  thermal  difference  spectrum 
exhibited a negative ΔAbs at 295 nm, and positive peaks at 273 nm  and 260 nm, 
consistent with  an intramolecular G-quadruplex annealed in Na+   solution (Figure 
4.25b).301 CD spectroscopy was used to determine the thermal stability of the antiparallel 
qDNA by following the change in ellipticity at 295 nm, giving a Tm  of 61.7   °C (Figure 
4.25c). 
 
 
A  fluorescently-labelled oligonucleotide  of  similar  DNA  sequence (FAM- 
d[GGG(TTAGGG)3]-TAMRA; F21T) was used for FRET melting  experiments and 
fluorescence was monitored as described in Methods section 2.6. Owing to instrument 
software restrictions two different programs were required to achieve a temperature 
gradient of 1 °C/min.  To acquire fluorescence measurements at temperatures from 25 – 
37 °C, the software requires the use of the ‘Melting Curve’ analysis mode. Unfortunately, 
using this mode removes the ability to manually set the temperature ramp rate; rather 
the rate is set automatically by the number of acquisitions taken per °C. For ~1 °C/min 
ramp  rate, this would  require ~35 acquisitions per °C,  resulting in >2400 
excitation/emission readings per well between 25 and 95 °C.  Under such conditions, 
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possible photobleaching of the FAM fluorophore must be considered; therefore, two 
 
programs were generated to limit large data sets, and minimise  possible fluorophore 
photobleaching. The temperature range of program 1 (25 – 69 °C) was set up to ensure 
changing between programs occurred after the folded  unfolded transition. 
 
The sequence was annealed in 100 mM  Na+-containing buffer using the methods 
described in section 2.2.2. This is expected to form the basket-type antiparallel qDNA.196 
Using this method, the qDNA had a Tm  of 42.6 °C (Figure 4.25d). This is lower than 
 
expected, compared to the literature reported value of ~50 °C.196 
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Figure 4.25 CD spectroscopy and FRET melting of 22AG annealed in Na
+  
solution. a) CD spectrum of 
22AG showing ellipticity maxima  at 295 nm and 220 nm, and a minimum at 265 nm. b) Thermal 
difference spectrum obtained by subtracting the UV absorption spectrum of the folded state (at 25 °C) 
from the unfolded state (at 95 °C) for the antiparallel 22AG qDNA. c) Thermal melting profile of folded 
22AG obtained by CD spectroscopy. d) Thermal melting profile of folded F21T obtained by FRET 
 
 
Table 4.5 summarises the thermodynamic  properties of the antiparallel qDNA 
structures formed with the 22AG or F21T sequences in the presence of 100 mM Na+. The 
ΔH for the 22AG equates to ~81.7 kJ.mol-1  per G-tetrad, and ~83.9 kJ.mol-1  for the F21T 
qDNA. This is in agreement with enthalpies reported in the literature.338 The 22AG 
qDNA had a greater ΔG (-18.0 kJ.mol-1) than the antiparallel F21T qDNA (-4.6 kJ.mol-1). 
This may be the consequence of the addition of the fluorescent probe affecting the 
stability and formation of qDNA compared to non-labelled oligonucleotides. 
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Table 4.5 Thermodynamic properties of the antiparallel qDNA formed from the 22AG or F21T sequence. 
 
 
Tm (°C) 
ΔH 
(kJ.mol-1) 
ΔS 
(J.K-1.mol-1) 
ΔGa 
(kJ.mol-1) 
ΔΔGb 
(kJ.mol-1) 
22AG 61.7 -245.2 -732.8 -18.0  - 
F21T (100 mM Na
+
) 42.6 -251.8 -797.4 -4.6 +13.4 
aΔG calculated at 310 K. bΔΔG calculated as the difference between ΔG of 22AG qDNA and F21T qDNA. 
 
 
4.3.2 Binding of berberine derivatives to intramolecular qDNA in Na
+ 
solutions 
The  suite  of  berberine  derivatives was  tested for  binding  to  the  antiparallel, 
intramolecular G-quadruplex in the solution phase using CD spectroscopy and FRET 
melting  assays. Table 4.6 summarises the results and the related experiments are 
described below. 
 
The addition  of the aromatic-substituted berberine derivatives, SST16 and SST29, 
caused an increase in ellipticity at 295 and 265 nm (Table 4.6 and Figure 4.26), as was 
seen with binding  to qDNA  complexes in ammonium acetate (refer to Chapter 3, 
section 3.5, page 70). The greatest change occurred at 295 nm, with molar ellipticity 
increasing by 2.2x105  [θ] and 2.4x105  [θ], for the 1:12 mixtures of SST16 and SST29, 
respectively. In comparison, binding of the alkyl-substituted ligands, SST12 and SST26, 
caused a decrease in ellipticity at 295 nm and an increase in ellipticity at 265 nm. 
Furthermore, SST26 and SST12 caused the greatest increase in ellipticity at 265 nm, with 
molar ellipticity increasing by 3.0x105 [θ] and 3.4x105 [θ], for the 1:12 mixture of qDNA- 
SST12 and 1:6 mixture of qDNA-SST26, respectively (Table 4.6 and Figure 4.27). Lower 
solubility for SST26 mixtures greater than where qDNA:ligand was 1:6, meant 1:9 and 
1:12 mixtures were not tested. SST41 was a poor antiparallel qDNA binder as determined 
by no change in ellipticity in CD spectroscopy, and no change in thermal stability using 
FRET analysis (Table 4.6 and Figure 4.29). 
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Table 4.6 Summary of CD spectroscopy and thermal melting data obtained by FRET using 22AG (CD 
spectroscopy measurements) and F21T (FRET assay) in Na
+   
solution in the presence of 12  molar 
equivalents of berberine derivative for CD spectroscopy, or 12  μM  ligand concentration for FRET 
measurements. 
 
 Δ[θ]x10-5 Tm (°C) ΔTm (°C) 
295 nm 265 nm FRET FRET 
SST12 -1.1 +3.0 44.0 +1.5 
SST26 -1.1a +3.4a 65.5 +23.0 
SST16 +2.2 +0.8 59.8 +17.3 
SST29 +2.4 +1.8 48.9 +6.4 
SST41 0 +0.3 42.6 0 
a Values taken from SST26 1:6 mixture due to insolubility at higher ligand concentrations. ΔTm calculated as 
difference between free qDNA (42.5 °C) and in the presence of 12 μM ligand concentration. 
 
 
G-quadruplex ligand  saturation occurred with  SST16, with  no  further change in 
ellipticity occurring at 265 and 295 nm for the 1:6 – 1:12 mixtures (Figure 4.26a). In 
comparison, a saturation point was not reached with the 1:1 – 1:12 mixtures of SST29 
with  qDNA  (Figure 4.26b). Despite SST29 causing a greater change in  ellipticity 
compared to SST16 (Table 4.6), addition of SST16 had a greater effect on the thermal 
stability of the antiparallel qDNA, as determined by FRET melting assays (Figure 4.26c 
and d). At low ligand concentrations (1 μM), there was no detectable change in qDNA 
stability; however, as ligand concentration was increased (3 – 12 μM), qDNA thermal 
stability increased. At 12 μM ligand concentration, SST16 increased qDNA stability by 
17.3 °C (Tm  = 59.8 °C), in comparison to SST29 which increased stability by only 9.4 °C 
(Tm  = 48.9 °C)  (Figure 4.26c and d, and Table 4.6). A saturation point in thermal 
stability was not detected in the FRET experiments for either berberine derivative in the 
concentration range tested. 
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Figure 4.26 CD spectroscopy and normalised FRET thermal melting profiles of 22AG (CD) and F21T 
(FRET) in Na
+   
solution with the addition of the aromatic substituted berberine derivatives. a) CD 
spectroscopy of increasing concentrations of SST16 and b) SST29. c) Normalised FRET melting profiles of 
mixtures of F21T  with increasing concentration of SST16  and d)  SST29. For the CD spectroscopy, 
ligand-free qDNA, 1:1, 1:3, 1:6, 1:9 and 1:12. For the FRET thermal melting profiles, 
ligand-free qDNA, 1 μM, 3 μM, 6 μM, 9 μM and 12 μM. 
 
 
Both SST26 and SST12 caused a decrease in ellipticity at 295 nm, contrary to the effect of 
the binding  of the aromatic-substituted ligands. This may indicate a difference in 
binding mode between the alkyl- and aromatic-substituted berberine derivatives. Based 
on thermal stability, SST26 was the best stabiliser of antiparallel qDNA, with a ΔTm  of 
23.0 °C  (Tm   = 65.5 °C)  at the highest ligand concentration (12 μM) (Table 4.6).  In 
comparison, SST12 was a poor qDNA stabiliser (ΔTm  = 1.5 °C), suggesting the longer 
alkyl chain of SST26 aids in qDNA binding and stability. 
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Figure 4.27 CD spectroscopy and normalised FRET thermal melting profiles of either 22AG (CD) or F21T 
(FRET) in Na
+  
solution with the addition of the alkyl-substituted berberine derivatives. CD spectroscopy 
of 22AG with a) SST26 and b) SST12. Normalised FRET melting profiles of mixtures of F21T with 
increasing concentration of c) SST26 and d) SST12. For the CD spectroscopy,     ligand-free qDNA, 
1:1,       1:3,        1:6,        1:9 and      1:12. For the FRET thermal melting profiles,      ligand-free qDNA, 
1 μM,        3 μM,        6 μM,       9 μM and      12 μM. 
 
 
CD spectroscopy was initially used for thermal stability measurements by monitoring a 
change in ellipticity at 295 nm. Melting curves generated using this method declined in 
ellipticity between 25 °C and ~55 °C. An example of the curves generated is shown in 
Figure 4.28 with the SST16-22AG complexes.  At higher ligand concentrations (1:12 
mixtures), a biphasic-type melting curve was acquired. The biphasic-type melting curve 
present for the 1:12 mixture may indicate the existence of two ligand binding modes or 
that multiple qDNA structures are present. The presence of such melting profiles made 
determination of thermal stability difficult; therefore, FRET melting assays were the 
preferred method in determining the thermal stability of ligand binding to qDNA. 
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Figure 4.28  CD spectroscopy thermal stability spectra of 22AG annealed in sodium  solution with 
increasing concentrations of SST16.    ligand-free qDNA,      1:1,       1:3,        1:6,        1:9 and      1:12. 
 
 
The CD spectrum of a 1:12 qDNA-SST41 mixture showed a small change in overall 
spectrum shape. There was a small change in ellipticity at 238 nm and 265 nm, and the 
spectrum maximum shifted from 295 nm to 292 nm; however, SST41 had no effect on 
qDNA thermal stability for the ligand concentrations tested (Figure 4.29b). This may 
indicate SST41 has a low binding affinity for the basket-type 22AG G-quadruplex. 
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Figure 4.29 a) CD spectra of antiparallel 22AG in the absence (blue) and presence of a 12-fold molar 
excess of SST41 (red). b) Normalised FRET melting profiles of F21T with increasing concentrations of 
SST41. For the FRET thermal melting profiles,      ligand-free qDNA,      1 μM,         3 μM,        6 μM, 
9 μM and      12 μM. 
 
 
The thermodynamic properties of the antiparallel qDNA formation in the presence of 
ligand are summarised in Table 4.7. The ΔH values  for SST26- and SST16-bound qDNA 
were more positive than ligand-free qDNA; however, this was compensated by more 
positive ΔS values in both cases (cf. Table 4.7 and Table 4.5). The ΔS of antiparallel 
qDNA formation became more negative (i.e. less favourable) with the binding of SST12 
and SST29. The ΔΔG values at 310 K were the most favourable for SST26- and SST16- 
bound qDNA. The binding of SST41 had no effect on the ΔG of antiparallel qDNA 
formation. 
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Table 4.7 Thermodynamic properties of the antiparallel qDNA (F21T) in the presence of ligand. 
 
 Tm 
(°C) 
ΔH 
(kJ.mol-1) 
ΔS 
(J.K-1.mol-1) 
ΔGa 
(kJ.mol-1) 
ΔΔGb 
(kJ.mol-1) 
SST12 44.0 -285.4 -899.5 -6.6 -1.9 
SST26 65.5 -157.3 -467.8 -12.3 -7.7 
SST16 59.8 -185.8 -558.0 -12.8 -8.2 
SST29 48.9 -263.7 -819.3 -9.7 -5.1 
SST41 42.6 -249.2 -788.9 -4.6 0.0 
aΔG calculated at 310 K. bΔΔG is calculated as the difference between the ΔG for ligand-free antiparallel 
qDNA (-4.6 kJ.mol-1) and ligand-bound qDNA, at a 12-fold molar excess. 
 
 
4.3.3 Theoretical binding of berberine derivatives to antiparallel 22AG in Na
+ 
Ligand binding to antiparallel 22AG was investigated via docking and MD simulation 
using an NMR spectroscopy derived structure (PDB ID: 143D)94 prepared by the method 
described in section  2.8.1. Table 4.8 lists the binding affinities for the top binding mode 
for each ligand. Two different binding modes of SST16 were chosen for further study. 
Comparing the top binding mode for each ligand, SST12 had the lowest binding affinity 
(-27.2 kJ.mol-1) and SST26 had the greatest (-29.7 kJ.mol-1). Figure 4.30 shows a visual 
representation of the binding of the berberine derivatives to antiparallel 22AG. SST12, 
SST29 and SST16 all bind in the same orientation, with the berberine backbone aligned 
in the groove of the qDNA (Figure 4.30). The second binding mode of SST16 binds in 
the same orientation as SST26; however, this placement lowers the binding affinity of 
SST16 from -28.9 to -22.2 kJ.mol-1. SST41 bound in an alternate binding pocket with the 
inner crescent of the berberine backbone groove-binding with the qDNA. 
 
Table 4.8 Binding affinities (kJ.mol-1) for the top binding mode of berberine derivatives for antiparallel 
22AG as calculated by Autodock Vina.264 
 
 
Ligand 
Binding Affinity 
(kJ.mol-1) 
SST12 -27.2 
SST26 -29.7 
SST16 -28.9 
SST16 – mode 2 -22.2 
SST29 -29.3 
SST41 -29.3 
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Binding site 1 
 
 
 
 
 
 
 
Binding site 2 
 
SST41 
 
 
 
 
 
 
 
 
 
 
 
SST12  SST26  SST29 SST16  SST16 - mode 2 
 
Figure 4.30 VMD representation of antiparallel 22AG with the top binding mode for each ligand docking. 
An alternate mode of binding is also shown for SST16. All ligands, except SST41 bound in binding site 2 
(grey ribbon). Atoms for each ligand are coloured as carbon in green; nitrogen in blue; oxygen in red; 
fluorine in pink and polar hydrogens in white. The green and red spheres represent the 3 and 5 ends, 
respectively, of the DNA strand for reference. 
 
 
4.3.3.1 Molecular dynamics simulations of antiparallel 22AG with berberine 
derivatives 
MD  simulations  of antiparallel 22AG were run and compared with  ligand-bound 
 
complexes. Simulations were set up as described in section 2.8.2. Visualisations of 
ligand-free 22AG MD simulations are shown in Figure 4.31. In all three replicates, the 
thymine nucleotides were the most mobile and the G-tetrad remained stable throughout 
the simulation (Figure 4.31a). In replicates A and B, the top-most Na+ ion was lost ~10 – 
12 ns into the simulation, leaving two Na+  ions for the remainder of the simulation 
(Figure 4.31b A and B). Replicate C had the middle Na+  ion exchange with upper-most 
ion (Figure 4.31b, replicate C). In all cases, the two remaining sodium ions sat between 
G-tetrads, rather than in line with the G-tetrad as predicted by hypothesis based on 
ionic radii.82  The RMSD plot shows the movement qDNA structure throughout the 
simulation, relative to the starting structure (Figure 4.31c). A steady state was reached 
for all three replicates at ~2 Å, indicating the structure is stable. 
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Figure 4.31 VMD representation of MD simulations of antiparallel 22AG in Na+ solution. a) A time-lapse 
overlay for each replicate A, B and C. The guanines are shown in orange, the adenines in blue, and 
thymines in pink. The backbone is shown in tan. b) Snapshot images at 53 ns showing the placement of 
Na
+  
ions 1 (yellow), 2 (orange) and 3 (magenta) for replicates A, B and C. The DNA backbone is tan, 
guanines are outlined in orange, adenines in blue, and thymines outlined in tan. c) RMSD chart, plotting 
the distance (Å) the backbone of 22AG has deviated from its starting conformation for replicates A (blue), 
B (orange) and C (yellow). In all images the small green and red spheres represent the 3 and 5 ends, 
respectively, as a reference point. Owing to the orientation of the images, both spheres are not always 
visible. 
 
 
Thermal stability measurements of F21T obtained using FRET were used as the basis for 
ligand selection for MD simulations. SST26 and SST16 complexed with 22AG were 
chosen for MD  simulations given their ability to increase the thermal stability of 
antiparallel F21T. SST29 was chosen as a reference for a poor antiparallel qDNA- 
stabilising ligand. A second binding mode for SST16 (designated as mode 2; Table 4.8) 
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was also selected for MD simulations; given the difference in the CD spectra for SST26 
 
and SST16 (refer to section 4.3.2). 
 
 
Figure 4.32 and Figure 4.33 show the MD simulation for the top binding mode of SST16 
complexed with 22AG. Time-lapse images show SST16 remained in the initial binding 
pocket for the duration of the simulation for replicate B (Figure 4.32 replicate B). This is 
supported by the RMSD plot (Figure 4.33c, orange) showing the simulation is stable 
with an RMSD of ~3 Å. In comparison, more movement of SST16 is exhibited in 
replicates A and C (Figure 4.32). 
 
 
A B C 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.32 MD simulations of 22AG with the top binding mode for SST16. A time-lapse representation 
of SST16 movement over 53 ns for each replicate A, B and C. The ligand is coloured transitioning from 
red (0 ns), through grey to blue (53 ns). 
 
 
Replicate A remains relatively stable throughout the simulation; however, at 30 ns, 
SST16 dissociates from the binding pocket (Figure 4.33a, replicate A(II)), and briefly 
crosses the periodic boundary represented by an asterisk in the RMSD plot (Figure 
4.33b, blue). The naphthyl substitution of SST16 then interacts with the thymine group 
of the lateral loop, holding the ligand in place back toward its original binding pocket. 
The simulation ended before convergence was reached with SST16 in the new binding 
position. Ligand dissociation also occurs in replicate C (Figure 4.33a, replicate C); 
however, SST16 rebinds at the base of the qDNA, between the lateral loops, with the 
simulation reaching convergence at 32 ns with a RMSD of ~2 Å (Figure 4.33b, yellow). 
Two sodium ions remain bound in all the replicates. 
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Figure 4.33 MD simulations of 22AG with the top binding mode for SST16. a) Snapshot images for 
replicates A and C at 10 ns (I), 30 ns (II) and 53 ns (III). Atoms for each ligand are coloured as carbon in 
green; nitrogen in blue; oxygen in red and hydrogen in white. The DNA backbone is tan, guanines are 
outlined in orange, adenines in blue, and thymines in tan. Na
+ 
ions are in yellow. b) RMSD chart, plotting 
the distance (Å) SST16 has deviated from its original binding pocket for replicates A (blue), B (orange) 
and C (yellow). The ‘*’ signifies where SST16 briefly crosses between the periodic boundary, therefore, 
causing a spike in the RMSD. As a reference point for all images, the small green and red spheres 
represent the 3 and 5 ends, respectively. 
 
 
The second binding mode tested for SST16 was less stable. For replicate A, SST16 moved 
from the original binding position toward the diagonal loop to interact with the thymine 
residue (Figure 4.34 replicate A). SST16 dissociated from the qDNA before rebinding in 
replicate B; however, replicate B also had three sodium ions remain within the qDNA 
for the duration of the simulation  (Figure 4.34 replicate B). In replicate C, SST16 
remains in the binding pocket, but rotates to form new interactions with the DNA 
Part I- Chapter 4: Alternate qDNA structures 
149 
 
 
 
 
 
 
(Figure 4.34 replicate C). In replicates A and C, two sodium ions were maintained 
 
throughout the simulations. 
 
 
 
A B C 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.34 MD simulations of 22AG with SST16 in binding mode 2. A time-lapse representation of 
SST16 movement over 53 ns for each replicate A, B and C. The ligand is coloured transitioning from red 
(0 ns), through grey to blue (53 ns). 
 
 
The RMSD plots for the second binding mode of SST16 shows that SST16 remains 
steady in replicate A for the first 40 ns with an RMSD of ~2 Å (Figure 4.35b, blue). After 
this point, the ligand interacts with the thymine of the 22AG diagonal loop which is 
mobile throughout the simulation. The simulation ends with a ligand RMSD of ~12 Å 
before convergence is reached with this new binding mode (Figure 4.35b, blue). SST16 
undergoes the most movement in replicate B, where the ligand dissociates completely 
from qDNA at ~11 ns and continues to rebind/dissociate until ~32 ns, as demonstrated 
by the fluctuating  RMSD  plot (Figure 4.35b, orange). At 33 ns, SST16 rebinds 
temporarily to the groove of the qDNA through the berberine backbone before 
dissociating again (Figure 4.35a, replicate B(II)). The naphthyl substitution of SST16 
then interacts with the adenine and thymine residues of the diagonal loop, and the 
ligand moves to interact with this region. SST16 remained in this binding pocket for the 
remainder of the simulation time, converging with an RMSD of ~24 Å. It may be the 
interaction of SST16 with the diagonal loop that impedes the upper-most Na+  ion from 
dissociating from the qDNA. The RMSD plot for replicate C showed SST16 remained 
steady in the original binding pocket for the first 35 ns of simulation time (Figure 4.35b, 
yellow). The ligand remained in the same pocket, but changed binding mode, with the 
naphthyl group interacting with the groove of the qDNA and the dioxolane group of the 
berberine backbone interacting with a lateral loop (Figure 4.35a, replicate C(III)). The 
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ligand RMSD reached convergence in this new position, with an RMSD of ~7 Å (Figure 
 
4.35b, yellow). 
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Figure 4.35 MD simulations of 22AG with SST16 in binding mode 2. a) Snapshot images for replicates A 
and B at 10 ns (I), 33 ns (II) and 53 ns (III). Atoms for each ligand are coloured as carbon in green; 
nitrogen in blue; oxygen in red and hydrogen in white. The DNA backbone is tan, guanines are outlined 
in orange, adenines in blue, and thymines in tan. Na
+  
ions are in yellow. b) RMSD chart, plotting the 
distance (Å) SST16 has deviated from its original binding pocket for replicates A (blue), B (orange) and C 
(yellow). The ‘*’ signifies where SST16 briefly crosses between the periodic boundary. As a reference point 
for all images, the small green and red spheres represent the 3 and 5 ends, respectively. 
 
 
The two binding  modes of SST16 both had two replicates each where the ligand 
dissociated from the qDNA before rebinding. In comparison, the MD simulations of the 
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SST16-7GGT complex (refer to section 4.2.4.1) had two replicates where SST16 remained 
 
tightly bound to the qDNA  throughout the simulation. The differences in binding 
affinity  between the antiparallel 22AG and the tetramolecular 7GGT qDNA  were 
reflected in thermal stability measurements, where SST16 increased the thermal stability 
of 7GGT by ~24 °C (Table 4.3), compared to 17.3  °C for the antiparallel 22AG (Table 
4.6). The differences in thermal stability between the SST16-7GGT and SST16-22AG 
complexes may be attributed to the stability of ligand binding demonstrated in the MD 
simulations. 
 
The MD simulations for the SST29-22AG complex showed SST29 was a poor binder, 
with two replicates (A and B) dissociating from qDNA several times (Figure 4.36) and 
not reaching convergence (Figure 4.37b, orange and yellow). SST29 remained bound to 
qDNA in replicate C (Figure 4.36 replicate C). 
 
 
A B C 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.36 MD simulations of 22AG with the top binding mode for SST29. A time-lapse representation 
of SST29 movement over 53 ns for each replicate A, B and C. The ligand is coloured transitioning from 
red (0 ns), through grey to blue (53 ns). 
 
 
In replicate A, the ligand dissociated at ~16 ns and (Figure 4.37a, replicate A(I)) and 
temporarily bound to an alternate binding pocket in the groove of the qDNA at ~25 ns 
(Figure 4.37a, replicate A(II)). This binding interaction was weak, as SST29 dissociated 
again after ~5 ns, and rebound to the thymine residue of the lateral loop through the 
dioxolane ring of the berberine backbone (Figure 4.37a, replicate A (III)). The RMSD 
continued to fluctuate between ~9 – 20 Å, failing to reach convergence (Figure 4.37c, 
blue). SST29 dissociated from qDNA in replicate B at ~23 ns (Figure 4.37a, replicate 
B(I)) and remained free in solution for another 5 ns (Figure 4.37a, replicate B(II)). 
Ligand binding occurred at 28 ns via interaction between the berberine backbone and 
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the thymine residue of the lateral loops; however, the ligand dissociated again for 5 ns 
 
between 35 – 40 ns (RMSD increased from 9 to 15 Å), before rebinding by the same 
mode. SST29 remained bound to the lateral loop of 22AG for the remainder of the 
simulation,  at an  RMSD  of  ~10 Å (Figure  4.37b, orange).  Replicate C  reached 
convergence with SST29 in a new binding mode (cf. Figure 4.30 with Figure 4.37a, 
replicate C(I)).  In  the first 5 ns of  simulation  time, SST29 rotated to have the 
fluorobenzyl ring interacting with the groove of the qDNA and the berberine backbone 
interacting with the lateral loop (Figure 4.37a, replicate C(II)). At 50 ns, the ligand had 
moved again, repositioning the berberine backbone in the groove, and the fluorobenzyl 
interacting with the thymine residue of the lateral loop (Figure 4.37a, replicate C(III)). 
In  all three replicates, only two sodium  ions remained bound  by the end of the 
simulation. In replicate A, the bottom-most Na+ ion was lost at ~6 ns, in replicate B and 
C the upper-most ion was lost at 25 ns and 14 ns, respectively. 
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Figure 4.37 MD simulations of 22AG with the top binding mode for SST29. a) Snapshot images for each 
replicate at 20 ns (I), 25 ns (II) and 50 ns (III). Atoms for each ligand are coloured as carbon in green; 
nitrogen in blue; oxygen in red, fluorine in pink and hydrogen in white. The DNA backbone is tan, 
guanines are outlined in orange, adenines in blue, and thymines in tan. Na
+  
ions are in yellow. b) RMSD 
chart, plotting the distance (Å) SST29 has deviated from its original binding pocket for replicates A 
(blue),  B (orange) and C (yellow). As a reference point for all images, the small green and red spheres 
represent the 3 and 5 ends, respectively. 
 
 
SST26 offered the greatest change in  thermal stability according the FRET 
measurements (Table 4.6). Furthermore, it was also the most stable ligand-22AG 
complex of the three ligand-qDNA structures tested using MD. In all three replicates 
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SST26 remained bound to the antiparallel 22AG qDNA throughout the simulation, 
although the original binding position may have changed (Figure 4.38). 
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Figure 4.38  MD  simulations  of  22AG with  the top binding  mode  for  SST26. a)  A  time-lapse 
representation of SST29 movement over 53 ns for each replicate A, B and C. The ligand is coloured 
transitioning from red (0 ns), through grey to blue (53 ns). 
 
 
In replicate A, SST26 remained bound to 22AG through its berberine backbone, and 
had the alkyl substitution pointed out toward the solution (Figure 4.39a, replicate A(I)). 
During the simulation, the berberine backbone slowly moved down toward the lateral 
loops, interacting with the mobile  thymine  residue (Figure 4.39a, replicate A(II)). 
Finally, the ligand moved to an end-stacking binding mode, interacting with the adenine 
and thymine residues of the lateral loops (Figure 4.39a, replicate A(III)). In this position, 
the substitution remained pointed out toward the solution, which briefly caused the 
substitution to cross the periodic boundary at ~49 ns, causing a spike in the RMSD. 
SST26 moved toward the lateral loop in replicate B (Figure 4.39a, replicate B(II)), again 
remaining bound through the berberine backbone. At the end of the simulation, SST26 
remained bound to the loop region with an RMSD of ~3 Å (Figure 4.39b, orange). In 
replicate C, the ligand remained bound in the original binding pocket throughout the 
simulation (Figure 4.38), maintaining an RMSD of ~2 Å. In all three replicates either the 
upper-most Na+  ion (replicates B and C) or the bottom-most Na+  ion (replicate A) was 
lost at ~6 ns. 
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Figure 4.39 MD simulations of 22AG with the top binding mode for SST26. a) Snapshot images for 
replicate A and B at 15 ns (I), 35 ns (II) and 53 ns (III). Atoms for each ligand are coloured as carbon in 
green; nitrogen in blue; oxygen in red and hydrogen in white. The DNA backbone is tan, guanines are 
outlined in orange, adenines in blue, and thymines in tan. Na
+ 
ions are in yellow. b) RMSD chart, plotting 
the distance (Å) SST26 has deviated from its original binding pocket for replicates A (blue), B (orange) 
and C (yellow). As a reference point for all images, the small green and red spheres represent the 3 and 5 
ends, respectively. The ‘*’ signifies where SST26 briefly crosses between the periodic boundary, therefore, 
causing a spike in the RMSD. 
 
 
Comparing with the ranking of stabilisation of qDNA by the ligands based on ΔG 
calculated from FRET data (SST26 ≈ SST16 > SST29; Table 4.3), the MD simulations are 
in broad agreement with the solution phase results. SST26 was the most stable ligand in 
MD simulations, remaining bound to qDNA throughout the simulation. SST16 favoured 
DNA interaction via the naphthyl substitution, compared with SST26 which interacted 
via the berberine backbone. Furthermore, the second binding mode of SST16 docked 
with the antiparallel qDNA in a similar binding mode to SST26 (Figure 4.31); however, 
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in the MD simulations, SST16 changed to favour an interaction with the loop regions of 
 
DNA via the naphthyl substitution. Interestingly, the ranking of ligand binding from 
MD simulations aligns with their ΔS magnitude, where SST29 > SST16 > SST26 (i.e. 
SST29-bound qDNA  was the most negative; therefore, least favourable folding, see 
Table 4.5). The magnitude of the  ΔS of SST29 (-819.3 J.K-1.mol-1) may reflect the multiple 
binding modes exhibited by SST29 in MD simulations. In comparison the ΔS of SST26 
(-467.8 J.K-1.mol-1) was the least negative (i.e. more favourable) and the ligand remained 
bound to qDNA throughout the MD simulations. The differences seen in MD 
simulations between SST26 and SST16 alignment with DNA may reflect the different 
CD spectra where binding of SST26 caused a decrease in ellipticity at 295 nm and SST16 
caused an increase. Finally, SST29 was the least stabilising of the three ligands as an 
antiparallel qDNA binder, with only one replicate reaching convergence. 
 
4.3.4        Intramolecular G-quadruplexes in K
+ 
solutions 
 
The intramolecular hybrid-type G-quadruplex was formed in K+-containing solutions as 
described in section 2.2.2. Figure 4.40a shows the CD spectrum obtained for 22AG 
annealed in the presence of potassium. The spectrum exhibits a large positive ellipticity 
at 295 nm, a small negative ellipticity at 238 nm, and a small positive shoulder at 
265 nm. This is consistent with CD spectra obtained by Ambrus et al.87 where structures 
in the mixture were assigned as a mix of hybrid and antiparallel structures using NMR 
spectroscopy.87  Furthermore, the antiparallel structures present may be a combination 
of basket-type and chair-type G-quadruplexes. The hybrid-type G-quadruplex consists 
of parallel and antiparallel-strand arrangements and can also exist in different structural 
forms.79 These G-quadruplexes are often named as (3+1) hybrid G-quadruplexes, owing 
to the syn•syn•syn•anti or anti•anti•anti•syn  G-tetrad orientation. Figure 4.41 shows a 
representation of the mix of qDNA forms that may be present in K+ solution, giving rise 
to the CD spectrum in Figure 4.40a. 
 
The TDS shows a ΔAbs minimum at 290 nm, and two maxima at 272 and 244 nm, 
 
consistent with a G-quadruplex formed in a K+ solution (Figure 4.40b).301 The T 
 
of the 
 
hybrid qDNA was 74.5 °C when determined by CD spectroscopy (Figure 4.40c).This is 
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higher than previously reported under similar conditions.339 For FRET analysis, F21T 
was used which is one base shorter that 22AG (see Table 2.1). F21T is expected to form a 
hybrid intramolecular G-quadruplex.279 Studies of the 21-mer telomeric sequence in 
 
100 mM K+  have reported a T of 68 °C.340  In our hands the Tm of F21T in 100 mM K
+
 
 
was 62.7 °C. Since qDNA stability is expected to decrease with the addition of the FAM 
 
and TAMRA probes,195 the lower value determined in the current work is reasonable. 
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Figure 4.40  CD spectroscopy and FRET thermal stability of 22AG annealed in K
+  
solution. a) CD 
spectrum of 22AG showing a maximum ellipticity at 295 nm, a minimum at 238 nm and a small positive 
shoulder at 260 nm. b) Thermal difference spectrum obtained by subtracting the UV absorption spectrum 
of the folded state (at 25 °C) from the unfolded state (at 95 °C) for the hybrid 22AG qDNA. c) Thermal 
stability profile obtained using CD spectroscopy by monitoring ellipticity at 290 nm. d) Thermal stability 
profile obtained using FRET (using F21T). 
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Basket-type Chair-type Form 1 (3+1) Hybrid-type 
 
Antiparallel Hybrid 
 
Figure 4.41 Representation of the mix of qDNA conformations possible for the 22AG hybrid annealed in 
K
+  
solution. Antiparallel structures include a) the basket-type and b) the chair-type G-quadruplex. The 
hybrid form is expected to be a combination of variants on the c) form 1 (3+1) hybrid-type, which shows a 
mix of parallel/antiparallel strand arrangements. Adapted from several sources.79,87,98,219 
 
 
Figure 4.42 shows the CD spectra of the hybrid 22AG as a function of temperature. As 
expected, a decrease in ellipticity at 290 nm  and 238 nm  occurred with increasing 
temperature; however, at 65 °C, there was an increase in ellipticity at 260 nm (Figure 
4.42 light pink), and by 75 °C  the ellipticities at 295 and 260 nm were close to equal 
(Figure 4.42 dark pink). If the CD spectrum at 25 °C was the summation of antiparallel 
and  hybrid  G-quadruplex structures, as hypothesised, a loss of  the antiparallel- 
contributing structures (basket- and chair-type) would result in an increase in ellipticity 
at 260 nm, as was observed (Figure 4.42). This would also suggest some antiparallel 
structures present may have a lower thermal stability than the hybrid G-quadruplexes. 
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Figure 4.42 CD spectra of hybrid 22AG with increasing temperatures. A spectrum was collected every 10 
°C from 25 °C (dark blue) to 95 °C (dark red). 
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Table 4.9 summarises the thermodynamic properties of the hybrid qDNA formed from 
 
either the 22AG or F21T sequence. The ΔG of formation for the hybrid 22AG (-28.9 
kJ.mol-1) was greater than that of the F21T qDNA (-18.8 kJ.mol-1), as was observed for the 
22AG/F21T qDNA structures formed in Na+-containing solutions (Table 4.5). The ΔG 
values for the hybrid 22AG/F21T qDNA were also more negative (i.e. more favourable 
formation)  than those formed  in Na+-containing solutions, consistent with the 
literature.338,341 Furthermore, the ΔΔG values comparing the formation of the 22AG and 
F21T G-quadruplexes are similar when comparing F21T qDNA folded in either K
+
- 
containing solution (10.0 kJ.mol-1, Table 4.9) or Na+-containing solution (13.4 kJ.mol-1, 
Table 4.5). This suggests the change in oligonucleotide from 22AG to F21T (loss of a 5 
adenine, and addition of a fluorescent probe), contributes to the change in ΔG. 
 
Table 4.9 Thermodynamic properties of the hybrid qDNA formed from the 22AG or F21T sequence. 
 
 
Tm (°C) 
ΔH 
(kJ.mol-1) 
ΔS 
(J.K-1.mol-1) 
ΔGa 
(kJ.mol-1) 
ΔΔGb 
(kJ.mol-1) 
22AG 74.5 -272.3 -785.3 -28.9 - 
F21T (100 mM K
+
) 62.7 -247.1 -736.4 -18.8 +10.0 
aΔG calculated at 310 K. bΔΔG calculated as the difference between ΔG of 22AG qDNA and F21T qDNA. 
 
 
4.3.5        Binding of berberine derivatives to intramolecular G-quadruplexes in 
 
K
+
-containing solution 
 
The binding of berberine derivatives to the hybrid 22AG and F21T G-quadruplexes  in 
solution were tested using the methods described in sections 2.2.2 and 2.6, respectively. 
CD spectroscopy and FRET were used to determine the stability of the qDNA structures 
as a function of temperature. Table 4.10 shows a summary of the CD spectroscopy and 
FRET data obtained. The binding of SST26 and SST16 gave the greatest increase in 
qDNA thermal stability (ΔTm  ~19 °C), while SST41 had the least effect on stability (ΔTm 
= 2.1  °C). All of the berberine derivatives tested caused an increase in ellipticity at 
 
295 nm and a decrease at 260 nm, with the magnitude of change dependent on the 
ligand. The CD spectroscopy and FRET experiments that give rise to these data are 
described below. 
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Table 4.10 Summary of CD spectroscopy and thermal melting data obtained by FRET using 22AG (CD 
spectroscopy measurements) and  F21T (FRET assay) in  K
+   
solution in  the presence of  12  molar 
equivalents of berberine derivative for CD spectroscopy, or 12  μM  ligand concentration for FRET 
measurements. 
 
  Δ[θ]x10-5  Tm (°C) ΔTm (°C) 
238 nm 265 nm 295 nm FRET FRET 
SST12 +0.5 -0.6 +0.4 72.4 +9.7 
SST26 +0.7 a -1.2 a +0.7 a 81.9 +19.2 
SST16 +2.2 -1.9 +0.6 82.6 +19.9 
SST29 +1.6 -1.6 +1.0 76.2 +13.5 
SST41 +0.1 -1.2 +0.8 64.8 +2.1 
a Values taken from SST26 1:6 mixture due to insolubility at higher ligand concentrations. ΔTm calculated as 
difference between free qDNA (62.7 °C) and in the presence of 12 μM ligand. 
 
The binding of SST16 and SST29 caused an increase in ellipticity at 295 and 238 nm, and 
a decrease in ellipticity at 260 nm (Figure 4.43a and b). Furthermore, an ICD signal was 
detected for both ligands between 360 and 375 nm for the 1:12 mixtures. For SST16, 
saturation was detected for 1:6 – 1:12 mixtures at 295 and 260 nm; however, the ellipticity 
continued to rise at 238 nm  for these mixtures. SST16 had the greatest effect on 
ellipticity at 238 and 265 nm, and SST29 had the greatest effect at 295 nm, compared to 
all the berberine derivatives tested (Table 4.10). 
 
The CD  spectra for  the 1:12  mixtures  were similar  to those of  the antiparallel 
G-quadruplex in Na+   solutions (cf. Figure 4.43a and b with Figure 4.26a and b). 
Furthermore, the changes in CD spectra exhibited upon ligand binding are comparable 
to that of the mixed hybrid/antiparallel qDNA annealed in NH +-containing solutions 
(see Figure 3.17, pg. 80 and Figure 3.20, pg. 83). If the qDNA formed in the presence of 
K+  is present in multiple conformations in equilibrium, the change in CD spectra may 
indicate the ligands bind to and stabilise the antiparallel qDNA forms, favouring the 
antiparallel state. Alternatively,  ligand binding may induce strand rearrangement of the 
hybrid qDNA structure to form an antiparallel G-quadruplex. 
 
Both ligands increased the thermal stability of the hybrid F21T qDNA (Figure 4.43c and 
d); however, SST16 was the better stabilising ligand. For a 12 μM ligand concentration, 
qDNA stability was increased by 19.9   °C (Tm  = 82.6 °C) in the presence of SST16 and 
13.5 °C (Tm  = 76.2 °C) in the presence of SST29. Despite ligand binding shifting the 
qDNA to the antiparallel state, the increase in thermal stability for the K
+  
form was 
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better than that of the Na+  form (compare ΔT for SST29 and SST16 in Table 4.6 and 
 
Table 4.10). Most notably, SST29 binding produces a ΔTm  of 13.5 °C for the K 
 
form 
 
compared with 6.4 °C for the Na+  form. The difference in thermal stability between the 
Na+  and K+ forms may indicate the antiparallel structures formed upon ligand binding 
may be different structural types depending on whether Na+ or K+ is present. 
 
a) b) 
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Figure 4.43 CD spectroscopy and normalised FRET thermal melting profiles of either 22AG (CD) or 
F21T (FRET) in K
+ 
solution with the addition of the aromatic-substituted berberine derivatives. a) CD 
spectroscopy of increasing concentrations of SST16 and b) SST29. c) Normalised FRET melting profiles of 
mixtures of F21T  with increasing concentration of SST16  and d)  SST29. For the CD spectroscopy, 
ligand-free qDNA, 1:1, 1:3, 1:6, 1:9 and 1:12. Arrows show the direction of elliptical 
change with increasing ligand concentration. For the FRET thermal melting profiles, ligand-free 
qDNA,      1 μM,        3 μM,        6 μM,       9 μM and      12 μM. 
 
 
Like the binding  of  the aromatic-substituted ligands, the addition  of  the alkyl- 
substituted ligands (SST12 and SST26), increased ellipticity at 295 and 238 nm, and 
decreased ellipticity at 260 nm (Figure 4.44a and b), albeit to a much lesser extent than 
SST16 and SST29. The final spectrum (1:6 mixture) of SST26 with hybrid 22AG in K+- 
containing solution, was analogous to SST26 binding to the mixed hybrid/antiparallel 
qDNA in NH + , despite the latter having a higher concentration of SST26 (cf. Figure 
4.44a at 1:6 with Figure 3.19 at 1:12). In comparison, the binding of SST12 to the hybrid 
 
formed in K+  had less of an impact on the CD spectrum than ligand binding to the 
mixed hybrid/antiparallel G-quadruplex formed in NH4 -containing solutions (cf. Figure 
4.44a with Figure 3.20). The binding of SST26 increased thermal stability by 19.2 °C (Tm 
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= 81.9  °C) compared with 9.7 °C (Tm  = 72.4  °C) for SST12. An atypical melting profile 
 
was obtained for the 12-fold molar excess of SST12 to qDNA (Figure 4.44d, red line). It 
is unlikely to be caused by ligand interaction with the fluorophores, given melting 
profiles for F21T in Na+  were as expected for the 12-molar excess SST12 concentration 
(Figure 4.27d). As was observed with SST16 and SST29, the binding of SST12 better 
 
stabilised the qDNA in K+ compared to the qDNA in Na+ (ΔT of 9.7 °C compared with 
 
1.5   °C,  respectively). In  contrast, SST26 increased the  thermal  stability of  the 
 
Na+-stabilised qDNA by 23.0 °C, compared with 19.2 °C for the K+ form. SST26 was the 
only berberine derivative to have a better stabilising effect on the Na+  form than the K+ 
form (in terms of magnitude of ΔTm). 
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Figure 4.44 CD spectroscopy and normalised FRET thermal melting profiles of either 22AG (CD) or 
F21T (FRET) in  K
+   
solution with  the addition  of  the alkyl-substituted  berberine derivatives. CD 
spectroscopy of 22AG with a) SST26 and b) SST12. Normalised FRET melting profiles of mixtures of F21T 
with increasing concentration of c) SST26 and d) SST12. For the CD spectroscopy,     ligand-free qDNA, 
1:3, 1:6, and 1:12. For the FRET thermal melting profiles, ligand-free qDNA, 1 μM, 
3 μM,      6 μM,       9 μM and      12 μM. 
 
 
The binding of SST41 to hybrid 22AG caused an increase in ellipticity at 295 nm and a 
decrease at 260 nm, but had no effect on ellipticity at 238 nm (Figure 4.45a). Unlike the 
other berberine derivatives where the changes in the spectrum for K+-formed hybrid 
were similar to that of the mixed hybrid/antiparallel formed in NH4 , the binding of 
SST41 did not show this behaviour. 
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Figure 4.45b shows the binding of SST41 to the mixed hybrid/antiparallel 22AG (in 
 
NH +), brought forward from section 3.5.2. In comparing the magnitude of change in 
ellipticity of the CD spectra upon ligand binding (Figure 4.45a and b), it is apparent that 
SST41 has a different binding mode and/or lower binding affinity for the 22AG hybrid 
qDNA  structures formed  in  K+   compared to the mixed  hybrid/antiparallel 22AG 
structure. Furthermore, at a 12 μM concentration of SST41, thermal stability of the 
hybrid qDNA increased by only 2.1 °C (Tm  = 64.8 °C), compared with a ΔTm  of 7.9 °C 
for a 1:12  mixture with the mixed  hybrid/antiparallel (refer to Table 3.7, pg. 83); 
however, these stability measurements were obtained using different methods (FRET vs. 
CD spectroscopy) and should be compared with  caution. There are at least two 
important experimental differences to be considered, the linking of a fluorophore to the 
DNA for FRET, and differences in ligand and DNA concentrations; FRET experiments 
are conducted with DNA at a concentration of 0.2 μM in the presence of 1 – 12 μM of 
ligand, whereas CD measurements use a higher concentration of DNA (20 μM) and 
therefore higher concentrations of ligand (20 – 240 μM). 
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Figure 4.45 CD spectrum of 1:12 mixture of SST41 with a) 22AG annealed in K
+  
solution and b) 22AG 
+ 
annealed in NH4 solution (brought forward from Figure 3.18). c) Normalised FRET thermal melting 
profiles of F21T (FRET) in K
+ 
solution with the addition of SST41. For the CD spectroscopy,     ligand- 
free qDNA and      1:12. For the FRET thermal melting profiles,      ligand-free qDNA,      1 μM,         3 
μM, 6 μM,       9 μM and      12 μM. 
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Table 4.11  summarises the thermodynamic  properties of the hybrid qDNA  in the 
 
presence of ligand based on FRET melting experiments. The ΔH values for SST26-, 
SST16-, and SST29-bound qDNA were much more negative than ligand-free qDNA 
(-247.1 kJ.mol-1), as were the change in entropies (ΔS for ligand-free qDNA was -736.4 
J.K-1.mol-1). In comparison, the binding of both SST12 and SST41 had a positive effect on 
the ΔH and ΔS of qDNA. Of the berberine derivatives, the binding of SST26 and SST16 
had the greatest effect on ΔG, with ΔΔG values of -37.5 and -34.3 kJ.mol-1, respectively. 
Table 4.11 Thermodynamic properties of the hybrid qDNA (F21T) in the presence of ligand. 
 
 Tm 
(°C) 
ΔTm 
(°C) 
ΔH 
(kJ.mol-1) 
ΔS 
(J.K-1.mol-1) 
ΔGa 
(kJ.mol-1) 
ΔΔGb 
(kJ.mol-1) 
SST12 72.4 9.7 -220.4 -635.1 -23.5 -4.7 
SST26 81.9 19.2 -453.1 -1280 -56.3 -37.5 
SST16 82.6 19.9 -422.0 -1190 -53.1 -34.3 
SST29 76.2 13.5 -355.3 -1020 -39.1 -20.3 
SST41 64.8 2.1 -227.7 -676.2 -18.1 +0.7 
aΔG calculated at 310 K. bΔΔG is calculated as the difference between the ΔG for ligand-free parallel qDNA 
(-18.8 kJ.mol-1) and ligand-bound qDNA, at a 12-fold molar excess. 
 
 
4.3.6 Docking of berberine derivatives to a hybrid-type qDNA 
 
To further investigate the binding of berberine derivatives to the K+-form qDNA, a form 
1, (3+1) hybrid structure (hybrid-1) was used for docking studies. The structure was 
previously elucidated using  NMR  spectroscopy, and  was formed  from  a 26-mer 
 
(d[A3G3(TTAGGG)3AA]) DNA sequence in K solution.265 
 
 
Table 4.12 summarises the highest binding affinity recorded and Figure 4.46 shows the 
 
corresponding binding mode for each ligand. SST26 had the lowest binding affinity 
 
(-23.4 kJ.mol-1), and SST16 had the greatest binding affinity (-33.0 kJ.mol-1). 
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Table 4.12 Binding affinities (kJ.mol-1) for the top binding mode of berberine derivatives for the hybrid-1 
qDNA as calculated by Autodock Vina.264 
 
 
Ligand 
Binding Affinity 
(kJ.mol-1) 
SST12 -28.9 
SST26 -23.4 
SST16 -33.0 
SST29 -30.5 
SST41 -32.6 
 
 
 
 
All ligands, with the exception of SST41, bound within the groove of the lateral loop 
 
(Figure 4.46, tan ribbon, binding site 1), and were aligned to the DNA by the berberine 
backbone. SST41 was bound within the groove between the two termini of the DNA 
strands (Figure 4.46, grey ribbon, binding site 2). All ligands bound to DNA with the 
positive nitrogen group facing out toward the DNA backbone, and the inner crescent of 
the berberine backbone interacting with the DNA bases. The 13-substitutions for SST12, 
SST26, SST16 and SST29 were bent out and away from the DNA. 
 
Lateral loop 
 
Parallel loop 
 
 
 
Binding site 2 (behind) 
 
Binding site 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SST16 SST29 SST26 SST12 SST41 
 
Figure 4.46 VMD representation of hybrid-1 qDNA with the top binding mode for each ligand docking 
experiment. All ligands, except SST41 bound in binding site 1 (tan ribbon), SST41 bound in site 2 (grey 
ribbon). Atoms for each ligand are coloured as carbon in green; nitrogen in blue; oxygen in red; fluorine 
in pink and polar hydrogens in white. The green and red spheres represent the 3 and 5 ends, respectively, 
of the DNA strand for reference. 
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There are similarities in ligand binding between the hybrid-1 qDNA and the basket-type 
 
qDNA formed in Na+  (Figure 4.30). Ligand interaction with both qDNA types involved 
the berberine backbone aligning with the DNA backbone, positioning the methoxy 
linker in toward the DNA bases. Except in the case of SST26, ligand binding affinities 
were higher for the hybrid-1 form than the basket-type qDNA formed in Na+. SST26 had 
a greater binding affinity for the antiparallel basket-type qDNA than the hybrid-1 qDNA 
(-29.7 kJ.mol-1   compared to -23.4 kJ.mol-1,  respectively), analogous to solution phase 
data where the magnitude of change in Tm  was greater for the qDNA in Na
+  
than the 
qDNA in K+  (discussed in section 4.3.5). The difference in binding affinity for SST26 
may relate to the stabilising effect on the qDNA observed in the solution phase. 
 
4.4       Theoretical binding of berberine derivatives to a parallel qDNA 
crystal structure 
 
The parallel G-quadruplex is reported to bind small molecules through end- 
stacking.189,342,343  In 2013, Bazzicalupi et al.189  reported a crystal structure of a parallel 
qDNA complexed with berberine, using a DNA sequence similar to 22AG (23-mer 
d[TAGGG(TTAGGG)4]). The structure had berberine molecules end-stacking on the 
G-tetrad (Figure 4.47). The binding stoichiometry was 3:1 (berberine to qDNA). Crystal 
packing featured qDNA-qDNA dimerization between qDNA 5 ends; the final structure 
was composed of two G-quadruplexes with a berberine molecule stacked on either end 
of the qDNA-qDNA complex, with two berberine molecules sandwiched between the 5 
ends. Figure 4.47 shows one qDNA unit with four berberine molecules; the fourth 
molecule located on the 5 end (denoted by a red sphere) is contributed from  the 
qDNA-qDNA dimerization. The planarity of the berberine backbone present in this 
structure is of particular note, and is most likely the result of crystal packing. 
Part I- Chapter 4: Alternate qDNA structures 
167 
 
 
4 
 
 
 
 
a) b) 
 
 
 
 
 
 
Figure 4.47 Crystal structure of berberine complexes with a parallel G-quadruplex. a) Side on view 
showing four berberine molecules end-stacking with the G-tetrad. b) Top-down view highlights the 
alignment of two berberine molecules with the qDNA. Drawn from PDB ID 3R6R189 using VMD. Atoms 
for each ligand are coloured as carbon in green; nitrogen in blue and oxygen in red. The DNA backbone is 
tan, guanines are outlined in orange, adenines in blue, and thymines in tan. K
+  
ions are in yellow. The 
green and red spheres represent the 3 and 5 ends, respectively, of the DNA strand for reference. 
 
 
A parallel G-quadruplex formed from 22AG was obtained when using a high DNA 
concentration in NH +-containing solutions (refer to section 3.4.2, pg. 63). It was 
hypothesised that the qDNA  structure may be similar to the X-ray crystallography 
structure of the intramolecular parallel G-quadruplex structure annealed in K+ (PDB ID: 
1KF1),97  and to that obtained by Bazzcalupi et al.189  The 22AG parallel crystalline form 
was used for docking and MD simulations to investigate further the binding of the 
berberine derivatives to parallel G-quadruplexes. The crystal structure included three 
internal K+ ions that were kept for docking and MD simulations. Docking calculations 
were performed as described in section 2.8.1. 
 
Table 4.13 summarises the highest binding affinity (kJ.mol-1) returned by Autodock Vina 
for each ligand and Figure 4.48 shows the corresponding binding mode for each ligand. 
SST29 had the greatest binding  affinity (-33.9 kJ.mol-1)  and SST26 had the lowest 
binding affinity (-25.5 kJ.mol-1). 
Part I- Chapter 4: Alternate qDNA structures 
168 
 
 
 
 
 
Table 4.13 Binding affinities (kJ.mol-1) for the top binding mode of berberine derivatives for parallel 22AG 
as calculated by Autodock Vina.264 
 
 
Ligand 
Binding Affinity 
(kJ.mol-1) 
SST12 -28.4 
SST26 -25.5 
SST16 -30.1 
SST29 -33.9 
SST41 -31.8 
 
 
 
 
Three binding sites were identified for the parallel G-quadruplex (Figure 4.48): parallel 
 
loop interaction (binding site 1; tan band), bottom end-stacking (binding site 2; pink 
square) and top end-stacking (binding site 3; grey square). SST26 bound at binding site 
2 and SST12, SST29 and SST41 all bound to the G-quadruplex at binding site 3, with all 
binding via end-stacking. In contrast, SST16 bound within the propeller-like loop. For 
all end-stacking ligands, the berberine backbone facilitated the DNA interaction and the 
13-substituent was bent out and away from the G-tetrad. The alignment of the berberine 
backbone with the G-tetrad was different in all cases; however, for the ligands in binding 
site 3, the berberine moiety, or part thereof, overlayed the central core of the G- 
quadruplex (Figure 4.48). For SST26, alignment with the central core was not possible 
due to the protrusion of the central K+  ion, instead, the ligand was off-centre with the 
positive nitrogen group facing in toward the G-tetrad core, and the –OCH3  group 
interacting with the K+ ion. SST16 bound within the propeller-like loop via the berberine 
backbone, and the naphthyl group interacted with the G-tetrad. Unlike the crystal 
structure obtained by Bazzicalupi et al.,189 all berberine derivatives maintained the non- 
planar characteristic upon qDNA binding. 
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SST26 SST29 SST41 SST12 
 
Figure 4.48 VMD representation of parallel 22AG with the top binding mode for each ligand docking. 
Three binding sites were identified: parallel loop interaction (binding site  1; tan), and bottom (binding site 
2; pink) and top (binding site 3; grey) end-stacking. Atoms for each ligand are coloured as carbon in 
green; nitrogen in blue; oxygen in red; fluorine in pink and polar hydrogens in white. The DNA backbone 
is tan, guanines are outlined in orange, adenines in blue, and thymines in tan. K
+ 
ions are in yellow. The 
green and red spheres represent the 3 and 5 ends, respectively, of the DNA strand for reference. 
 
 
End-stacking binding modes with lower binding affinities were identified for SST16. 
Alternate binding modes are shown in Figure 4.49, including the top binding mode 
(mode 1) as a point of reference. Modes 2 and 3 were both end-stacking binding modes, 
with binding affinities of -27.6 kJ.mol-1  and -28.4 kJ.mol-1, respectively. For mode 3 the 
berberine backbone was aligned over the central core, as were the other ligands in this 
binding mode (Figure 4.48). When binding through mode 2, the positive nitrogen group 
was facing toward the central core, and the naphthyl substitution was interacting with 
the propeller-like loops (Figure 4.49). 
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mode 2 
(behind) 
 
 
mode 2 
 
 
 
 
mode 3 
 
 
mode 1 
 
 
 
Figure 4.49 VMD representation of SST16 alternate binding modes with a) a top-down view and b) a 
view from the bottom. Binding mode 1 is the top binding mode shown in Figure 4.48. Atoms for each 
ligand are coloured as carbon in green; nitrogen in blue and oxygen in red. The DNA backbone is tan, 
guanines are outlined in orange, adenines in blue, and thymines in tan. K
+ 
ions are in yellow. The green 
and red spheres represent the 3 and 5 ends, respectively, of the DNA strand for reference. 
 
 
4.4.1.1 Molecular dynamics of berberine derivatives with a parallel 22AG qDNA 
MD simulations were run of the parallel 22AG qDNA using the methods described in 
section 2.8.2. Figure 4.50 shows MD simulations of ligand-free parallel 22AG qDNA and 
the corresponding RMSD plots. In all three replicates (A, B and C), the G-tetrad 
remained stable while the TTA propeller-like loop regions exhibited the most flexibility 
(Figure 4.50a). For all three replicates, only one K+ ion remained bound for the entirety 
of the simulation. After 2 ns the first K+ ion was lost from the qDNA. Referred to as the 
“bottom” ion, the ion located at binding site 2 (refer to Figure 4.48) was lost after 2 ns in 
all replicates. The middle ion was lost through the same channel after 9 ns in replicate A, 
25 ns in replicate B and 3 ns in replicate C. The movement of the top and middle ion for 
replicate B is shown in Figure 4.50b. Movement of the bottom ion is not shown as it is 
released early in the simulation. The RMSD plots indicate all three simulations reach 
convergence at ~5 ns, with an RMSD of 2.5 Å (Figure 4.50c). 
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Figure 4.50 VMD representation of MD simulations of parallel 22AG crystal structure in K
+ 
solution. a) 
A time-lapse overlay for each replicate A, B and C. b) Snapshot image at 53 ns showing the placement of 
K
+  
ions 1 (yellow) and 2 (magenta) replicate B. For a) and b) the DNA backbone is tan, guanines are 
outlined in orange, adenines in blue, and thymines outlined in tan. c) RMSD chart, plotting the distance 
(Å) the backbone of 22AG has deviated from its starting conformation for replicates A (blue), B (orange) 
and C (yellow). In all images the small green and red spheres represent the 3 and 5 ends, respectively, as 
a reference point. 
 
 
The top binding modes of SST16, SST26 and SST29 were chosen for ligand-qDNA 
simulation studies. All three ligands showed good thermal stabilisation of the parallel 
qDNA formed in NH + -containing solutions (refer to Table 3.5). 
 
Figure 4.51 shows a time-lapse visualisation of the MD simulations for SST16-bound 
qDNA. In all three replicates, the ligand remained bound to the qDNA; however, in 
replicates A and B, the binding mode (mode 1) of SST16 changed (Figure 4.51, replicate 
A and B). The ligand remained bound in the propeller-like loop for replicate C for the 
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duration of the simulation; however, the naphthyl group began interacting with the G- 
tetrad toward the end of the simulation (Figure 4.51, replicate C). In all replicates the 
bottom K+ ion was lost at 2 ns. 
 
A B C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.51 MD  simulations of parallel 22AG with the top binding  mode for SST16. A time-lapse 
representation of SST16 movement over 53 ns for each replicate, A, B and C. A top-down (top) and side 
view (bottom) view shown. The ligand is coloured transitioning from red (0 ns), through grey to blue (53 
ns). 
 
 
In replicate A, at ~4 ns the naphthyl substitution realigns to interact with the top 
G-tetrad, and in  doing  so, the berberine backbone is lifted out from  within  the 
propeller-like loop (Figure 4.52a, replicate A(I)). The interaction between the naphthyl 
group and the G-tetrad facilitates ligand movement across the tetrad and at ~13 ns the 
entire ligand moves to an end-stacking binding mode (Figure 4.52a, replicate A(II)). 
Replicate B followed the same path of movement; however, the entire ligand had moved 
to the end-stacking binding mode at ~4 ns (Figure 4.52a, replicate B(I)). Replicates A 
and B reached convergence with the ligand in the end-stacking binding mode at ~14 ns 
with an RMSD of ~11 Å. At the end of the simulation, replicate C remained within the 
loop region (Figure 4.51, replicate C); however, the naphthyl group was interacting with 
the TTA bases of the loop, and had begun moving  toward the G-tetrad. A longer 
simulation time may have been required for replicate C to move to the end-stacking 
position. 
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The middle ion was lost in replicates B and C at 10 and 5 ns, respectively. The top ion 
 
was lost in replicate A at ~3 ns, just prior to the naphthyl group binding to the G-tetrad. 
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Figure 4.52 MD simulations of parallel 22AG with the top binding mode for SST16. a) Snapshot images 
for replicate A and C at 4 ns (I) and 13 ns (II). A top-down and side view are shown at 13 ns. Atoms for 
each ligand are coloured as carbon in green; nitrogen in blue; oxygen in red and hydrogen in white. The 
DNA backbone is tan, guanines are outlined in orange, adenines in blue, and thymines in tan. K
+ 
ions are 
in yellow. As a reference point for all images, the small green and red spheres represent the 3 and 5 ends, 
respectively. b) RMSD chart, plotting the distance (Å) SST16 has deviated from its original binding pocket 
for replicates A (blue), B (orange) and C (yellow). 
 
 
The change in binding mode to end-stacking suggests the end-stacking binding mode is 
more stable under MD simulation conditions. This binding position (mode 3) was 
recognised in docking (Figure 4.49), but had a lower binding affinity. 
 
MD simulations were run for the alternate binding modes of SST16 (mode 2 and mode 
 
3) and in all cases, the ligand remained bound in this position. Figure 4.53 shows a 
snapshot of replicate A for modes 2 and 3 at the completion of the simulation. In mode 
2, the ligand interacted with the G-tetrad and surrounding adenine groups via the 
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berberine backbone (Figure 4.53a). At the beginning of the simulation (~2 ns), the 
 
bottom ion was lost and the naphthyl group rotated to interact with the G-tetrad; it 
remained bound in this position for the entirety of the simulation. In mode 3 the ligand 
rotated position without dissociating from the qDNA, to align the naphthyl group over 
the central core of the G-tetrad (Figure 4.53b). Mode 2 and 3 reached convergence at 
~4 ns with RMSD values of ~11 Å(Figure 4.53c). 
 
 
The steady state SST16-qDNA interaction was the same for all ligands, despite the top 
binding mode beginning as a groove-binder, indicating G-tetrad end-stacking through 
the berberine backbone and naphthyl substitution is the more favoured binding mode 
for this ligand. 
 
a) Mode 2 
 
Bottom view 
b) Mode 3 
Top-down view 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c) 20 
Side view Side view 
 
10 
 
0 
0 5 10 15 20 25 30 35 40 45 50 55 
Time (ns) 
 
Figure 4.53 MD simulations of parallel 22AG with the alternate binding modes for SST16. a) The bottom 
view (top) and side view (bottom) of mode 2, replicate A at 53 ns b) The top-down view (top) and side 
view (bottom) of mode 3, replicate A at 53 ns. Atoms for each ligand are coloured as carbon in green; 
nitrogen in blue; oxygen in red and hydrogen in white. The DNA backbone is tan, guanines are outlined 
in orange, adenines in blue, and thymines in tan. K
+ 
ions are in yellow. As a reference point for all images, 
the small green and red spheres represent the 3 and 5 ends, respectively. c) RMSD chart, plotting the 
distance (Å) SST16 has deviated from its original binding pocket for modes 2 (blue) and 3 (orange). 
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Despite docking showing an end-stacking binding mode (Figure 4.48), SST26 had more 
 
interaction with the loop regions than SST16. Figure 4.54 shows time-lapse images of the 
movement of SST26 during the MD simulations. SST26 remained bound to the G-tetrad 
in replicates B and C (Figure 4.54, replicates B and C); however, in replicate A, SST26 
changed binding mode to a binding pocket within a propeller-like loop (Figure 4.54, 
replicate A). 
 
 
A B C 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.54 MD simulations of parallel 22AG with the top binding  mode for SST26. A time-lapse 
representation of SST26 movement over 53 ns for each replicate A, B and C. A view of the bottom face 
(top) and side view (bottom) view shown. The ligand is coloured transitioning from red (0 ns), through 
grey to blue (53 ns). 
 
 
At ~5 ns in replicate A, SST26 rotated on the G-tetrad to position the positive nitrogen 
group  to face toward  the DNA  backbone, while  the alkyl substitution remained 
interacting with an adenine from the loop regions. It remained in this position for 
~20 ns (Figure 4.55a, replicate A(II)). Further rotation of SST26 occurred at 25 ns using 
the dimethoxybenzene group of the berberine backbone to interact with the G-tetrad 
(Figure 4.55b A(II)). The ligand completely moved to groove-binding at ~40 ns and 
remained in this position, with the alkyl substitution interacting with an adenine and 
the berberine backbone lying perpendicular to the G-tetrad (Figure 4.55a, replicate 
A(III)).  For replicates B and C, SST26 remains end-stacked; however, the ligand is 
mobile within this binding mode, moving across the plane of the G-tetrad throughout 
the simulation. The long alkyl chain substitution remained close to the G-tetrad in 
replicates B and C, and interacted with the 5 adenine. A snapshot of replicate C at 53 ns 
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is shown in Figure 4.55a, replicate  C, demonstrating the binding of the alkyl chain that 
 
also occurred with replicate B. All three simulations reached convergence with an 
 
RMSD of ~10, ~11 and ~10 Å for replicates A, B and C, respectively (Figure 4.55b). 
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Figure 4.55 MD simulations of parallel 22AG with the top binding mode for SST26. a) Snapshot images 
for replicate A at 10 ns (I), 25 ns (II) and 53 ns (III) and replicate C at 53 ns. Atoms for each ligand are 
coloured as carbon in green; nitrogen in blue; oxygen in red and hydrogen in white. b) RMSD chart, 
plotting the distance (Å) SST26 has deviated from its original binding pocket for replicates A (blue),  B 
(orange) and C (yellow). The DNA backbone is tan, guanines are outlined in orange, adenines in blue, 
and thymines in tan. K
+ 
ions are in yellow. As a reference point for all images, the small green and red 
spheres represent the 3 and 5 ends, respectively. 
 
 
SST29 was a moderate ligand binder for the parallel qDNA annealed in NH4 -containing 
solutions (ΔTm  24.1 °C; Table 3.5). In MD simulations all replicates remained bound to 
the G-tetrad (Figure 4.56). The interaction between ligand and G-tetrad occurred 
mainly through the berberine backbone, rather than the fluorobenzyl substitution. This 
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is in contrast with the binding of SST16 and SST26 where the 13-substitution played an 
 
integral role in binding during the simulations. 
 
 
A B C 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.56 MD simulations of parallel 22AG with the top binding  mode for SST29. A time-lapse 
representation of SST29 movement over 53 ns for each replicate, A, B and C. A top-down (top) and side 
view (bottom) view shown. The ligand is coloured transitioning from red (0 ns), through grey to blue (53 
ns). 
 
 
In replicate A, SST29 repositioned the berberine backbone at ~4 ns with the dioxolane 
ring interacting with the central core of the G-tetrad (Figure 4.57a, replicate A(I)). It 
remained in this position until the completion of the simulation (Figure 4.57a, replicate 
A(II) and (III)). This also occurred in replicate B at ~4 ns and at ~38 ns in replicate C 
(Figure 4.57a, replicate C). All simulations reached convergence in this binding mode 
with RMSDs of ~9 Å (Figure 4.57c). 
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Figure 4.57 MD simulations of parallel 22AG with the top binding mode for SST29. a) Snapshot images 
for replicate A and B at 10 ns (I), 25 ns (II) and 53 ns (III). Top-down and side views are shown for 
replicate C at 25 and 53 ns. Atoms for each ligand are coloured as carbon in green; nitrogen in blue; 
fluorine in pink; oxygen in red and hydrogen in white. The DNA backbone is tan, guanines are outlined 
in orange, adenines in blue, and thymines in tan. K
+ 
ions are in yellow. As a reference point for all images, 
the small green and red spheres represent the 3 and 5 ends, respectively. b) RMSD chart, plotting the 
distance (Å) SST29 has deviated from its original binding pocket for replicates A (blue), B (orange) and C 
(yellow). 
 
 
All three ligands bound well to the parallel qDNA, given that in all replicates (and in 
different binding modes for SST16) the ligand remained bound to the qDNA during the 
simulations. In comparison, when binding to the antiparallel qDNA, SST16 dissociated 
from  the qDNA  and SST26 changed binding mode in at least one simulation (see 
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section 4.3.3.1). This is in accordance with solution phase thermal stability data which 
 
showed SST16 and SST26 were better binders to the intramolecular parallel qDNA form 
(SST16 ΔTm  >31.5 °C and SST26 ΔTm  of 30.3 °C) than the antiparallel basket-type qDNA 
(SST16 ΔTm  of 17.3  °C and SST26 ΔTm  of 23.3 °C). Furthermore, this agrees with the 
thermodynamic properties of SST16 and SST26, showing more favourable free energies 
for the parallel qDNA (SST16 ΔΔG of -30.8 kJ.mol-1  and SST26 ΔΔG of -27.0 kJ.mol-1) 
over the antiparallel qDNA  (SST16 ΔΔG of -12.8 kJ.mol-1   and SST26 ΔΔG of -12.3 
kJ.mol-1). The increase in thermal stability of the parallel qDNA upon SST29 binding is 
respectable (ΔTm  of 24.1 °C), as is the ΔΔG (-29.6 kJ.mol-1), which is supported by the 
ligand remaining bound to the qDNA throughout the simulation. 
 
The ranking of ligand stabilisation for parallel qDNA based on ΔTm  data is SST16 > 
SST26 > SST29. It follows that the ranking of ligand-qDNA stability from the MD 
simulations is expected to be the same (based on ΔTm and its relationship with ΔΔG; see 
the thermodynamic cycle, Figure 4.24, pg. 135). Given that all ligands remained bound 
to the qDNA in MD simulations, the different interactions between the ligands and the 
qDNA may give rise to the differences in stability for the time scale of these simulations, 
rather than the number of dissociation/association events, as was observed with the 
tetramolecular and antiparallel MD simulations. 
 
The ranking of ligand-bound qDNA based on experimentally derived ΔΔG values (from 
a van’t Hoff analysis of CD melting data) differed from that of the ΔTm  ranking shown 
above; rather, the ligands were ranked as SST16 (-30.8 kJ.mol-1)> SST29 (-29.6 kJ.mol-1) > 
SST26 (-27.0 kJ.mol-1). Furthermore, the same ranking is achieved when comparing the 
ΔH values; SST16 (-329.0 kJ.mol-1, 3-fold molar excess) > SST29 (-329.0 kJ.mol-1) > 
SST26 (-289.9 kJ.mol-1) (see Table 3.6, pg. 79). 
 
The MD simulations can be used to draw conclusions about the different qDNA/ligand 
interactions. Previous work has shown π-π interactions between ligand and G-tetrad can 
aid in qDNA formation and stabilisation;155,157  therefore, more favourable ΔH values  for 
SST16- and SST29-bound qDNA may relate to the end-stacking binding mode where 
the berberine backbone and 13-substitution interact with the G-tetrad, stabilising qDNA 
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formation. The lower thermal stability of SST29 for the parallel qDNA compared to 
 
SST16 may be a reflection of the interaction between the qDNA and the fluorobenzyl 
substitution; the naphthyl substitution of SST16 offers more π-π interactions when end- 
stacked with the G-tetrad. In comparison, the alkyl substitution of SST26 does not offer 
π-π interactions, and exhibited a less favourable ΔH (-298.9 kJ.mol-1); however, the ΔTm 
with SST26 was greater than that of SST29,  despite  the ΔH values suggesting that qDNA 
formation is more favourable with SST29 binding. This is may be a result of qDNA 
formation being more entropically favoured in the presence of SST26 (-828.1 J.K-1.mol-1) 
compared to SST29  (-918.1 J.K-1.mol-1). 
 
It can be concluded that the naphthyl substitution offers additional interactions between 
the ligand and qDNA to lower the enthalpy of formation. Finally, in all cases, the 
berberine backbone maintained  its non-planar characteristic in  contrast with  the 
berberine molecule co-crystallised with the parallel qDNA.189 
 
4.5       Summary 
Different forms of G-quadruplexes were investigated using ESI-MS, CD spectroscopy, 
MD simulations and FRET assays. A tetramolecular qDNA  was formed  using K+- 
+ 2+
 
containing solution for solution phase analysis and a NH4 /Sr mixture for use with ESI- 
 
MS analysis. The latter was of significantly lower thermal stability; however, ions 
 
associated with a tetramolecular qDNA were detected, as well as trimer and dimer 
species. Using  ESI-TWIMS, ssDNA,  dimer,  tetramer and  hexamer  species were 
identified. Ligand binding to the tetramer indicated a predominant binding 
stoichiometry of  2:1  for  all ligands  except SST16, which  preferred a 3:1  binding 
stoichiometry. The binding of all ligands showed significant increases to the thermal 
stability of 7GGT, with SST16 and SST26 being the greatest. 
 
Docking of the berberine derivatives to 7GGT indicated all ligands bind in the groove of 
the qDNA.  MD  simulations  of  SST16, SST29 and  SST41  docked to 7GGT were 
completed. The binding  of  SST16 with  7GGT was  the most  stable of  the MD 
simulations, with the ligand remaining bound in all replicates for the entirety of the 
simulation (with the exception of replicate B where the ligand dissociated briefly before 
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rebinding). SST41 dissociated from 7GGT in two of the three replicates, and changed 
 
binding mode to an end-stacking position in one replicate. SST29 also dissociated from 
 
7GGT in two of the replicates, however, both rebound to the target DNA during the 
simulation time. MD simulation data supported CD thermal stability data, showing 
SST16 was a better tetramolecular binder than SST19 and SST41. 
 
An antiparallel intramolecular qDNA was formed in Na+-containing solution and all 
berberine derivatives interacted with the qDNA according to CD spectroscopy. Thermal 
stability measurements were conducted using a FRET labelled oligonucleotide and 
showed SST26 was the best qDNA stabilising ligand, followed by SST16. No increase in 
thermal stability of the antiparallel qDNA was detected upon SST41 binding, and both 
SST12 and SST29 were poor antiparallel stabilising ligands. This was reflected by the 
thermodynamic properties indicating SST16 and SST26 exhibiting the most favourable 
free energies. Docking identified two binding sites on the basket-type antiparallel qDNA 
target. SST26, SST29 and two different binding modes of SST16 were used for MD 
simulations. The MD  simulations  supported the FRET thermal stability, and 
thermodynamic data showing SST26 was a better binder of antiparallel qDNA than 
SST16, and both were better binders than SST29. 
 
The 22AG sequence was also folded into a hybrid-type qDNA in K+-containing solution. 
Based on changes in ellipticity, all ligands interacted with the hybrid-type qDNA. FRET 
melting assays determined SST26 and SST16 were the best ligands to stabilise hybrid 
qDNA, and SST41 was a poor qDNA-stabilising ligand. Docking with a hybrid-type 
qDNA target identified two binding pockets within the groove of the DNA. All ligands 
bound with the positive nitrogen moiety of the berberine backbone facing out toward 
the DNA phosphate backbone. 
 
Docking and MD simulations were conducted using a parallel qDNA crystal structure of 
the 22AG sequence. Three binding sites were identified in docking, two end-stacking 
modes, and binding within the parallel loops. The top binding mode for SST16 was 
located within  the parallel loop; however,  end-stacking binding  modes  were also 
identified for SST16 with a lower binding affinity. MD simulations investigated the 
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binding  of SST16, SST26 and SST29. For all ligands, and all replicates, the ligand 
 
remained bound to the parallel qDNA. End-stacking was the preferred mode of binding 
for SST16, with the ligand moving from within the parallel loop to an end-stacking 
binding mode during the simulation. SST26 showed more interaction with the loop 
regions of the parallel qDNA with its alkyl chain substitution than SST29 and SST16. 
The CD spectroscopy thermal stability data of the parallel qDNA using NH4OAc as the 
folding buffer (Chapter 3) support the MD simulations showing good binding for all 
three ligands, and that a more favourable ΔH is achieved through end-stacking 
interactions. 
 
In comparing the CD spectroscopy, FRET and MD simulation results the differences in 
berberine binding indicate: (a) of the aromatic-substituted ligands (SST16 and SST29) 
SST16 is a better binder of antiparallel qDNA than SST29, but both stabilise hybrid-type 
qDNA better than the antiparallel qDNA, (b) of the alkyl chain-substituted ligands 
(SST12 and SST26), SST26 favours binding to the antiparallel form over the hybrid-type 
qDNA, and SST12 (short alkyl chain) was a poor stabilising ligand for both antiparallel 
and hybrid-type qDNA, and (c) SST41 (lacking a 13-substitution) was a poor binder for 
antiparallel and hybrid qDNA, but showed moderate stabilisation of a tetramolecular 
qDNA. 
 
4.6       Summary of ligand binding characterisation for Chapters 3 and 4 
 
This brief summary highlights the differences in binding for the berberine derivatives 
with the different DNA structures investigated throughout Chapters 3 and 4 (dsDNA, 
intramolecular parallel, antiparallel, hybrid and mixed hybrid/antiparallel G- 
quadruplexes, and tetramolecular qDNA). 
 
The berberine derivatives generally all showed the same trends in changes to molar 
ellipticity upon interaction with the different DNA types. Figure 4.58 summarises the 
changes in molar ellipticity for each qDNA type upon the addition of ligand. With 
parallel G-quadruplexes (intra- and tetramolecular) all ligands decreased the qDNA 
molar ellipticity at 260 nm, and increased ellipticity at 240 and 295 nm. Indeed, the 
ellipticity at 260 nm decreased with all qDNA structures upon ligand binding, with the 
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exception of ligand binding to Na+-stabilised antiparallel qDNA (basket-type) and SST12 
binding to mixed hybrid/antiparallel qDNA (increased 260 nm). With the basket-type 
antiparallel qDNA the alkyl-substituted ligands (SST12 and SST26) increased qDNA 
molar ellipticity at 260 nm and decreased ellipticity at 295 nm. In comparison, the 
aromatic-substituted ligands (SST16 and SST29) increased ellipticity at both 260 and 295 
nm. A difference in ellipticity changes between the Na+-stabilised antiparallel qDNA 
and the other G-quadruplex conformations may indicate a difference in ligand binding 
mode  between qDNA  structures, and  furthermore, a difference in  binding  mode 
between the alkyl- and aromatic-substituted ligands. The magnitude of elliptical change 
can be related to the binding affinity of the ligand, but also to alignment of the transition 
moment of the ligand with the axis of the DNA.291,292 
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Figure 4.58 Summary of changes in molar ellipticity at 240 (grey), 260 (red) and 295 nm (blue) of the 
different qDNA forms upon ligand binding. The associated SST ligand is shown above each bar. For 
reference: parallel intramolecular qDNA (see Chapter 3, Table 3.5, pg. 74), mixed hybrid/antiparallel (see 
Chapter 3, Table 3.7, pg. 83), 7GGT (see Chapter 4, Table 4.3, pg. 110), Na
+
-stabilised antiparallel (see 
Chapter 4, Table 4.6, pg. 140), and K
+
-stabilised hybrid (see Chapter 4, Table 4.10, pg. 160). 
 
 
Table 4.14 summarises the ΔTm  values obtained upon the binding of each ligand to the 
range of qDNA  (and  dsDNA)  structures characterised in Chapters 3 and 4. The 
alkyl-substituted ligands (SST12 and SST26) exhibited significant differences in ΔTm and 
binding affinity (as judged by CD spectroscopy and FRET melting) for the different 
DNA structures. SST12 (propyl substitution) bound to all DNA types, including dsDNA, 
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but acted as a poor qDNA-stabilising ligand compared to the remainder of the berberine 
 
derivatives; SST41 (lacking a 13-substitution) was a better stabiliser for intramolecular 
parallel qDNA and the mixed hybrid/antiparallel qDNA than SST12. Increasing the 
length of the alkyl chain (SST26 with a nonyl substitution) significantly improves qDNA 
stabilisation. SST26 was the best ligand for stabilising antiparallel, basket-type qDNA 
and tetramolecular 7GGT. Furthermore, when in the presence of SST26 an increase in 
thermal stability of dsDNA was not detected. 
 
Of  the aromatic-substituted derivatives (SST16 and  SST29), SST16 (naphthyl 
substitution) was a better qDNA  stabilising ligand than SST29 (fluorobenzyl 
substitution). SST16 was the best berberine derivative for stabilisation of the mixed 
hybrid/antiparallel, K+-stabilised hybrid, and intramolecular parallel G-quadruplexes. 
SST29 showed  selectivity for  the  parallel  forms  of  qDNA  (tetramolecular  and 
intramolecular) over the antiparallel intramolecular, but the ligand also showed minor 
stabilisation of dsDNA. SST41 was a good stabilising ligand for intramolecular parallel 
qDNA, and a moderate stabilising ligand for tetramolecular qDNA; however, negligible 
stabilising effect was detected for the antiparallel qDNA form. 
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Table 4.14 Summary of ΔTm  values obtained for each berberine ligand with the different G-quadruplexes 
tested throughout Chapter 3 and 4. The table is coloured by degree of temperature change from 0.0 °C 
(blue) to 31.5 °C (red). 
 
 
 
 
 
 
 
 
SST12 
 
 
SST26 
 
 
SST16 
 
 
SST29 
 
 
SST41 
 
2.4 
 
 
0.0 
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17.7 
 
 
14.7 
 
 
7.9 
30 
9.7 16.1 13.1 
25 
19.2 ~25 30.3 
20 
 
19.9 ~24 31.5 15 
 
13.5 22.4 24.1 10 
 
5 
2.1 13.5 22.1 
0 
All values obtained by CD spectroscopy (except for qDNA marked with ‘*’which were obtained by FRET). 
For reference: dsDNA (see Chapter 3, Table 3.2, page 59), Na
+
-stabilised antiparallel (see Chapter 4, Table 
4.6, page 140),  mixed hybrid/antiparallel (see Chapter 3, Table 3.7, page 83), K
+
-stabilised hybrid (see 
Chapter 4, Table 4.10, page 160), 7GGT (see Chapter 4, Table 4.1, page 102) and parallel intramolecular 
qDNA (see Chapter 3, Table 3.5, page 74). 
 
 
 
 
Figure 4.59 is a summary of the binding to different types of qDNA in the presence of a 
 
12-fold molar excess of ligand, characterised using ESI-MS. SST41 had a broad binding 
profile for all qDNA, favouring a 3:1 binding stoichiometry. It was also the best binder 
for dsDNA. In general, the alkyl-substituted ligands (SST12 and SST26) had a lower 
binding stoichiometry for the qDNA types than the aromatic-substituted ligands (SST16 
and  SST29). SST12 and  SST26 favoured  a 2:1  binding  stoichiometry for  the 
tetramolecular qDNA, and a 1:1 binding stoichiometry for the intramolecular parallel 
qDNA and the mixed hybrid/antiparallel qDNA. In comparison, SST16 favoured a 3:1 
binding stoichiometry for all qDNA types. 
Part I- Chapter 4: Alternate qDNA structures 
186 
 
 
R
e
la
ti
v
e
 a
b
u
n
d
a
n
c
e
 (
%
) 
 
 
 
 
SST12 SST26 
 
 
100 100 
 
7GGT 
50  
hybrid/anti. 
50 
parallel 
 
7GGT 
hybrid/anti. 
parallel 
0 dsDNA 
0 1 2 3 4 5 
0 dsDNA 
0 1 2 3 4 5 
 
 
SST16 SST29 
 
 
100 100 
 
7GGT 
50  
hybrid/anti. 
50 
parallel 
 
7GGT 
hybrid/anti. 
parallel 
0 dsDNA 
0 1 2 3 4 5 
0 dsDNA 
0 1 2 3 4 5 
 
 
SST41 
 
 
100 
 
7GGT 
50  
hybrid/anti. 
parallel 
0 dsDNA 
0 1 2 3 4 5 
Number of ligands bound 
 
Figure 4.59 Summary of ligand binding (12-fold molar excess) to the different qDNA forms as detected 
by negative ion ESI-MS. The abundance of ligand-bound qDNA is assessed by calculating the abundance 
of each ion as a percentage of the sum of the abundances of all ions in the spectrum 
 
 
MD simulations suggested the naphthyl substitution of SST16 aided in end-stacking 
with  intramolecular  parallel qDNA, and also interacted with  the loop regions in 
antiparallel qDNA. The fluorobenzyl substitution of SST29 exhibited less interaction 
with the loop regions of the antiparallel qDNA, and end-stacking with intramolecular 
parallel qDNA occurred primarily through the berberine backbone. The higher ΔTm 
values achieved through SST16 binding compared to SST29 may be a reflection of the 
greater π-π interactions between the naphthyl substitution and the qDNA. Furthermore, 
the alkyl substitution of SST26 interacted with the loop regions of the intramolecular 
parallel qDNA and with the antiparallel qDNA (although to a lesser extent). SST26 
showed a low  binding  stoichiometry to intramolecular parallel qDNA, but had a 
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significant effect on the thermal stability of the qDNA, suggesting the interaction 
 
between the alkyl substitution and the loop regions of qDNA is important for increases 
in qDNA stability. 
 
Combining  the findings  from  the ESI-MS, MD  simulations, CD spectroscopy and 
thermal stability data, the following conclusions can be drawn: (a) the addition of a 13- 
substitution to berberine improves ligand binding selectivity for qDNA over dsDNA, 
(b) interactions between the substitution and the qDNA (via the loop regions or end- 
stacking) are important for improved ligand selectivity and qDNA  stabilisation (c) 
increasing the length of the alkyl chain (from  propyl to nonyl) offers better qDNA 
stabilisation upon ligand binding, (d) a naphthyl substitution improves ligand-qDNA 
interaction compared to a fluorobenzyl substitution, and (e) a long alkyl chain prefers 
interactions with loop regions and a naphthyl substitution aids in end-stacking. 
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PART II 
 
INVESTIGATING SECONDARY STRUCTURES AT 
THE TELOMERE 
The telomere is a nucleoprotein complex that protects against DNA  degradation, 
chromosomal end-to-end fusions and recombination near or at the end of the DNA.22-24 
Protein-nucleic acid interactions at the telomere have implications in maintaining the 
integrity of  genetic DNA  and  cancer biology; therefore, investigating secondary 
structures present at the telomere are of particular interest. G-quadruplexes are one 
such structure that has been shown to form in some organisms at the telomere in vivo,89 
and these structures have been studied for their potential role in telomere maintenance, 
gene replication, transcription and  translation. Other secondary structures at the 
telomere include the t-loop and D-loop (refer to section 1.3.1, pg.  7). 
 
The telomere is composed of a dsDNA region and a 3 single-stranded overhang region, 
capable of forming the aforementioned secondary structures. Furthermore, the single- 
stranded overhang is also a substrate of telomerase, which binds to the telomere by its 
RNA moiety (the hTR component) forming a DNA/RNA hybrid duplex. Chapters 5 and 
6  explore the secondary structures formed  in  the telomeric  region. Chapter 5 
investigates the equilibrium between a G-quadruplex and the DNA/RNA hybrid duplex, 
and the subsequent effect on equilibrium  with the stabilisation of the G-quadruplex 
upon ligand binding. Chapter 6 utilises the conditions determined for folding and 
characterisation of G-quadruplex structures (Part I, Chapters 3 and 4) to investigate a 
dsDNA with a 3 telomeric overhang sequence, with the potential to form  qDNA 
structures; a system resembling that found at the ends of the chromosome. 
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CHAPTER 5 
 
INVESTIGATIONS OF A QDNA AND DNA/RNA 
 
HYBRID DUPLEX EQUILIBRIUM 
 
 
 
 
 
5.1       Introduction 
 
The application of ESI-MS to analyse qDNA has advanced over the past twenty years. 
The first direct observation of qDNA using ESI-MS utilised a Na+-stabilised quadruplex 
composed of four single-stranded G-rich sequences.221 The spectrum revealed numerous 
Na+  adducts, complicating interpretation, especially for analysis of future drug-binding 
interactions. As qDNA  structures can also be stabilised with ammonium ions (see 
Chapter 3), which is compatible with ESI-MS analysis, other ESI-MS conditions for 
analysis of  intermolecular  and  intramolecular  qDNA  structures have since been 
applied.227,237 Importantly,  ESI-MS of  G-quadruplexes has shown  the retention of 
sequestered ammonium ions within relatively stable qDNA structures,228 a feature rarely 
observed in ESI mass spectra of Watson-Crick base-paired duplex DNA,344  suggesting 
the structures are stable under  given ionisation  and  desolvation conditions. MD 
simulations of qDNA stability in the gas-phase support this.229 
 
ESI-MS allows relatively high-throughput characterisation of non-covalent qDNA- 
ligand complexes,183,184,238,242  including of the analysis of qDNA-ligand stoichiometries,199 
binding affinities245  and binding selectivity.183,184  An overarching goal of qDNA-ligand 
characterisation is to find ligands that selectively stabilise qDNA structures that might 
be present at the telomere and consequently, may act as inhibitors of telomerase. 
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Telomerase is a reverse-transcriptase enzyme found in 85 – 90% of cancer cells. There 
 
are at least two types of RNA that are involved with telomerase: TR (hTR in humans) 
and telomeric repeat-containing RNA (TERRA). Telomerase binds to telomeric DNA 
through TR, permitting the extension of telomeric DNA.  The telomere (TTAGGG 
repeats) is a nucleoprotein complex which plays a critical role in genome stability,345,346 
tumour suppression57 and in regulating the lifespan of a cell.33,34 Until recently, telomeres 
were considered transcriptionally inactive. However, recent investigations have 
demonstrated that transcription of subtelomeric and telomeric DNA by RNA 
polymerase II produces telomeric repeat-containing RNA (TERRA).347,348 
 
TERRA strands are composed  of  subtelomeric RNA  and  UUAGGG  repeats.347,348 
 
TERRA levels are thought to be regulated by telomere length, with telomere elongation 
up-regulating TERRA transcripts.348,349   They are also known  to associate with  the 
telomere and form intermolecular hybrid DNA/RNA quadruplexes,350,351  and self- 
associate to form secondary qRNA structures.352,353 TERRA sequences have been studied 
by ESI-MS. Gabelica and coworkers354 used TERRA of different lengths (12-mer, 22-mer 
and 45-mer) to show that parallel RNA quadruplexes formed dimer assemblies 
mediated by cation formation. These higher-order structures were observed at 
substantially higher abundance than for the analogous DNA  sequences.354 X-ray 
crystallography,352 NMR  spectroscopy,355  and molecular dynamics simulations356  have 
supported the formation of parallel qRNA from TERRA in the presence of either K+ or 
Na+. 
 
The telomerase TR is another significant RNA moiety in telomere biology. The hTR is 
 
~450 nucleotides in length and contains an 11 nucleotide template complementary to the 
telomeric sequence.357 The template base pairs with  the complementary 3 single- 
stranded overhang of telomeric DNA forming a DNA/RNA hybrid. This is a 
requirement for nucleotide synthesis of one telomeric repeat (GGTTAG) before the 
hTR translocates and realigns on the newly formed DNA primer, where the process is 
then repeated.358,359   The mechanism  of translocation has not been fully elucidated; 
however, it has been proposed that following  addition of 5- GGT, three additional 
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nucleotides (5-TAG) are added before a pause in synthesis. This sequence-defined 
 
pause, proposed by Brown and coworkers,360 is initiated by the addition of dT, as 
specified by the 49th rA residue of the hTR moiety (Figure 5.1b). Following the pause, 
the DNA/RNA hybrid is released from  the active site where strand separation and 
translocation occurs (Figure 5.1c). In this way, the repetitive GGTTAG repeat sequence 
is faithfully reproduced. Binding of the newly formed DNA/RNA hybrid to the active 
site triggers repetition of the DNA synthesis process.361 The role(s), if any, of secondary 
DNA structures (e.g. qDNA) formed by telomeric DNA in the telomerase mechanism is 
not thoroughly understood. 
 
a) b) c) 
Active site 
 
 
Anchor  site 
 
GTTA G 
 
Template 
 
 
Nucleotide 
Addition 
 
T TA G 
A 
 
Duplex 
Dissociation 
 
 
Product 
Release 
 
 
 
 
 
Template Translocation 
 
Figure 5.1  Simplified  schematic of the proposed mechanism  for telomere synthesis and telomerase 
translocation. a) Nucleotide 5-GGT  is added. b) Synthesis is paused after addition  of 5-TAG.  c) 
DNA/RNA hybrid released from active site, and strands are separated. Taken from Brown et al.360 
 
 
The possible interaction of qDNA  and RNA, relevant to telomerase activity, was 
investigated by Salazar and coworkers.362 Using NMR and UV thermal denaturation 
analysis they showed that under high K+ concentrations, a thermally-induced transition 
could occur between the DNA/RNA hybrid formed from telomeric DNA and the hTR 
sequence (d(GGTTAGGGTTAG).r(CUAACCCUAACC)) to a G-quadruplex DNA 
structure. It was proposed that the equilibrium position between the G-quadruplex and 
the DNA/RNA hybrid was affected by the greater thermal stability of the qDNA 
compared to the hybrid duplex, favouring formation of a G-quadruplex. 
 
Despite its significance in telomere biology, there have been far fewer ESI-MS studies of 
this or other DNA/RNA hybrids. In the current work, ESI-MS was applied to examine 
the DNA/RNA hybrid  qDNA equilibrium as proposed by Salazar et al.362  Using the 
same sequences allows a direct comparison of ESI-MS with the previous methods and 
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experimental  conditions,  and  enables an  assessment of  ESI-MS  as  a  tool  for 
 
investigating RNA secondary structures and DNA/RNA hybrid  qDNA equilibria. 
The binding properties of 13-substituted berberine derivatives on the relative stabilities 
of the hybrid and qDNA were also investigated. 
 
5.2       ESI-MS of dimer qDNA and DNA/RNA hybrid 
 
One goal of this work was to determine the solution and ESI-MS conditions required to 
investigate the equilibrium of a G-quadruplex formed from d(GGTTAG)2 (12GGT), and 
a DNA/RNA hybrid on addition of complementary RNA (12rCU) (see Table 2.1). ESI- 
MS conditions were optimised separately for each nucleic acid structure; parameters 
that were varied included the cone voltage, desolvation gas flow  rate, desolvation 
temperature, RF lens 1 voltage (Q-ToF Ultima™ only) and the bias voltage (Synapt™ (G1) 
HDMS  only). The best conditions for simultaneous observation of the DNA/RNA 
hybrid duplex with the qDNA are described in Table 5.1. This interaction previously 
studied by Salazar et al.362 used high salt concentrations (100 mM KCl/ NaCl) to form 
the DNA/RNA hybrid, which are not suitable for ESI-MS.362 The solution conditions 
were altered accordingly to be amenable for ESI-MS analysis. 
 
Table 5.1 ESI-MS parameters used for the simultaneous detection of dimer qDNA and DNA/RNA hybrid 
duplex for the Q-ToF Ultima™ and the Synapt™ (G1) HDMS mass spectrometers. Trap DC bias and RF 
lens 1  are critical parameters for the simultaneous detection of dimer qDNA and DNA/RNA hybrid 
duplex. 
 
MS Parameter Q-ToF Ultima™ Synapt™ (G1) HDMS 
Capillary (V) 2100 2100 
Cone (V) 30 45 
Source temperature (°C) 35 30 
RF lens 1 energy  (V) 65 - 
Trap DC Bias (V) - 10 
Desolvation gas flow (L/hr) 150 150 
Desolvation Temperature (°C) 80 80 
Collision Energy (V) 4 Trap/transfer 4/4 
Ion optic region pressure (mbar) 3.60 3.70 
 
 
 
 
The DNA/RNA hybrid was formed overnight in 150 mM  NH4OAc with equimolar 
 
concentrations of  DNA  and  complementary  RNA  (final  molecular  concentration 
 
500 μM) and only one peak of significant abundance was observed in the ESI mass 
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spectrum of the DNA/RNA hybrid: [DNA/RNA – 5H]5-  (m/z  1489.9) (Figure 5.2b). 
 
There were no ammonium ions detected in the structure, as is expected with a Watson- 
Crick base-paired duplex stabilised by H-bonding between complementary nucleobases. 
 
Formation of the G-quadruplex was achieved by annealing 1 mM of 12GGT overnight in 
 
150 mM   NH4OAc.  Under  these conditions,   ESI  mass  spectra showed  peaks 
 
corresponding to [qDNA – 5H]5-  (m/z 1501.5), [qDNA + 2NH + 
 
-7H]5-  (m/z 1508.4) for 
 
two-stranded qDNA  (dimer  qDNA), and [ssDNA – 3H]3-   (m/z  1251.2) for ssDNA 
(Figure 5.2a). The ion [qDNA – 5H]5-  was the most abundant with the latter two ions 
present at lower, similar abundance. 
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Figure 5.2 ESI mass spectra of: a) dimer qDNA [d(GGTTAG)2]2  and b) hybrid DNA/RNA duplex; x 
refers to the number of ammonium ions. 
 
 
CD spectroscopy can be used to determine the conformation of nucleic acid structures 
in solution, such as qDNA and duplex DNA.191,363,364  The CD spectrum of the hybrid 
duplex showed a maximum ellipticity at 270 nm (Figure 5.3a, blue) which is similar to 
that of the A-form duplex.365  CD spectra of annealed qDNA  showed a maximum 
ellipticity at 290 nm, indicative of an antiparallel qDNA (Figure 5.3a, red).193  Thermal 
denaturation profiles obtained by CD indicate the hybrid DNA/RNA duplex has greater 
solution phase stability than the qDNA dimer (Figure 5.3b). The melting temperatures 
of the hybrid DNA/RNA duplex and qDNA dimer were ~57 °C and ~37 °C, respectively. 
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Figure 5.3 a) CD spectra of the DNA/RNA hybrid, d(GGTTAGGGTTAG).r(CUAACCCUAACC), (blue) 
and dimeric qDNA d(GGTTAGGGTTAG)2 (red), respectively, in 150 mM NH4OAc. b) CD melting 
profiles for the DNA/RNA hybrid, d(GGTTAGGGTTAG).r(CUAACCCUAACC), (blue, 260 nm) and 
qDNA d(GGTTAGGGTTAG)2 (red, 290 nm). 
 
 
The confirmation of the presence of the qDNA in the CD spectra prompts a discussion 
of the ESI mass spectra (Figure 5.3). Sequestered ammonium ions within the G-tetrad 
contribute to qDNA stability and are often conserved in the gas phase.228 Although 
peaks associated with ammonium-stabilised qDNA are present ([qDNA + 2NH 
+
–7H]5-), 
the most abundant peak is from the dimer qDNA [qDNA – 5H]5-  without ammonium 
ions, an  occurrence which  has been previously observed.229,237       The absence of 
ammonium ions from the qDNA dimer suggests ammonium adducts could be lost 
during ionisation and/or mass analysis processes while the assembly of the two strands 
remained intact. It is important to note that m/z 1251.2 can also be assigned to [qDNA – 
6H]6-. However, under these ESI-MS conditions, the abundance of the qDNA 6- ion 
 
with bound ammonium ions ([qDNA  + 2NH + – 8H]6- ; calculated m/z  1256.8) was 
 
negligible, suggesting another possible assignment for this ion. In view of this, further 
 
analysis of the m/z 1251.2 peak was required. 
 
 
5.2.1        Gas phase stability of the dimer qDNA 
 
The presence of ssDNA, as revealed by [ssDNA – 3H]3- (m/z 1251.2), suggests  that some 
of the qDNA is dissociated. More gentle ESI-MS conditions were tested on the Q-ToF 
Ultima™, such as lowering the voltage of RF lens 1 from 65 V to 50 V, to investigate the 
possibility of gas phase-induced dissociation. This resulted in a decrease in abundance 
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of the ammonium ion-free qDNA (m/z  1501.5) and the peak at m/z  1251.2 associated 
 
with ssDNA, making [qDNA + 2NH + 
 
– 7H]5- (m/z 1508.4) the most abundant peak in 
 
the spectrum (compare Figure 5.4a and b). Softening Synapt™ (G1) HDMS ESI-MS 
 
conditions by lowering the bias voltage (from 10 V down to 5 V) increased the relative 
abundance  of  the [qDNA + 2NH + – 7H]5-   compared  to  ammonium-free  ions, as 
expected. Furthermore, the relative abundance of the ion at m/z 1251.2 which includes 
contributions from both [ssDNA – 3H]3-  and [qDNA – 6H]6-  remained the same (cf. 
Figure 5.7c and d). Baker et al.229  studied a dimer  qDNA  formed  from  a 12-mer 
telomeric sequence (d(TTAGGG)2). Using nano ESI-MS and IMMS they found that 
ammonium-free, dimer G-quadruplex ions were the most abundant species detected in 
the gas phase and proposed this species was the most dominant  in solution. This 
conclusion was supported by molecular dynamics studies.229 Nevertheless given the 
considerations surrounding  MD  and the results observed below and by others,229 
caution is recommended in drawing such conclusions. 
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Figure 5.4 Q-ToF Ultima™ (a and b) and Synapt™ (c and d) ESI mass spectra showing the effect of 
changing RF lens 1 voltage on qDNA. a) qDNA with RF lens 65 V and b) RF lens 50 V. c) qDNA with bias 
10 V and d) bias 5 V; x refers to the number of ammonium ions. 
 
 
ESI-TWIMS is a powerful tool for discerning conformational differences of species in 
the gas phase, making it a useful technique for further analysis of the ion at m/z 1251.2. 
Ion  mobility  mass spectra were acquired using a Synapt™  (G1) HDMS  under the 
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conditions described in section 2.4.2 (Figure 5.5). In ESI-TWIMS mode, bias voltages 
 
were increased over the range of 10  V – 22 V to obtain relative abundances of 
[qDNA + 2NH + – 7H]5- and [qDNA – 5H]5- comparable to the ESI-MS results obtained 
using the Synapt™ (cf. Figure 5.5b and d, and Figure 5.4c and d). Drift times for each ion 
did not vary between bias voltages (Figure 5.6), and are summarised in Table 5.2. The 
lower bias (10 V) favoured [qDNA + 2NH + – 7H]5-; however, poor resolution in the 
driftscope image between m/z 1508.4 ([qDNA + 2NH4  – 7H]5-) and m/z 1501.5 ([qDNA 
– 5H]5-) means the drift times centred around 7.2 ms (Figure 5.6 left), corresponding to 
all ions associated with qDNA in the 5- charge state. Closer inspection of the Driftscope 
image under these conditions shows two drift times at m/z 1251.2 that correspond to 
ssDNA ([ssDNA – 3H]3-, drift time of 7.9 ms) and qDNA dimer ([qDNA – 6H]6-, drift 
time of ~5.5 ms) (Figure 5.5a and Figure 5.6 left). This indicates that under these gas 
phase conditions (bias of 10  V) it was possible to observe qDNA  dimer  with no 
ammonium ions bound, [qDNA – 6H]6-. When the bias was increased (22 V), the ion at 
m/z 1251.2 corresponded mainly to ssDNA, as judged by a single peak of intensity in the 
Driftscope image (Figure 5.5c) with a drift time of ~7.9 ms (Figure 5.6 right). The ESI- 
TWIMS of qDNA at different bias voltages confirms the peak at m/z 1251.2 corresponds 
to both single strand and qDNA dimer depending on the conditions. Furthermore, 
although a change in bias voltage does not change the overall abundance of the m/z 
1251.2 ion (Figure 5.5b and d), the higher bias voltage favours ssDNA. 
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Figure 5.5 Negative ESI-TWIMS of dimer qDNA d(GGTTAGGGTTAG)2. a) Driftscope images and b) 
mass spectrum obtained at a bias of 10 V. c) Driftscope images and d) mass spectrum obtained at a bias of 
22 V. x refers to the number of ammonium ions. 
 
 
 
 
Bias = 10 V Bias = 22 V 
 
 
100 
 
m/z 1251 
7.9 
 
100 
 
m/z 1251 
7.9 
 
% 5.5 
% 
 
0 
 
100 
 
 
 
m/z 1501 - 1511 
 
 
7.2 
0 
 
100 
 
 
 
m/z 1501 - 1511 
 
 
7.2 
 
% % 
 
 
0 
0 5 10 15 
0 
0 5 10 15 
Drift time (ms) Drift time (ms) 
 
Figure 5.6 Drift plot comparison of bias 10 V (left) and 22 V (right) for the ions of the dimer qDNA from 
Figure 5.5a and b. 
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Table 5.2 Drift times and assignment of ions obtained from ESI-TWIMS of qDNA 
 
m/z Drift time (ms) Assignment 
 
1251.2 
5.5 
7.9 
[qDNA – 6H]6- 
[ssDNA – 3H]3- 
+
]5-
 
1501 - 1511 7.2 [qDNA + xNH4 
 
 
 
 
To probe the possibility of gas phase dissociation of the qDNA dimer, a collision- 
 
induced dissociation (CID) experiment was conducted using the Q-ToF Ultima™ with 
RF lens 65 V where the qDNA ions (m/z 1501.6) were selected and the collision energy 
(CE) was increased from 0 – 44 V (Figure 5.7). At 0 V, the abundance of [ssDNA – 3H]3- 
(m/z  1251.2) was negligible; however, as the voltage was increased, ammonium ions 
 
dissociated from the dimer, as seen by the loss of the [qDNA + 2NH + 
 
– 7H]5-  (m/z 
 
1508.4) peak and the amount of ssDNA increased (Figure 5.7a-c). Figure 5.7d shows the 
 
relative abundances of the [ssDNA – 3H]3- and the sum of [qDNA – 5H]5- and [qDNA + 
 
2NH + – 7H]5-  as a function of CE. It should be noted that due to differences in 
 
ionisation and response factors, relative abundances of qDNA and ssDNA in ESI mass 
 
spectra can be used as a qualitative measurement, but does not permit a quantitative 
analysis of the absolute concentration of species in the gas phase. Nonetheless, the 
method shows the trend for the qDNA to decrease in abundance with an increase in 
ssDNA. At 31 V, the ssDNA product is in equal abundance with the qDNA dimer, 
before the dissociation of nucleotides occurs from ssDNA (>35 V). 
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Figure 5.7 ESI-MS/MS (Q-ToF Ultima™) showing the dissociation of dimer qDNA (5- ions) to ssDNA (3- 
ions) with increasing collision energy voltage. a) 0 V b) 26 V c) 38 V. d) Relative abundances of the 
[ssDNA – 3H]3-  and the sum of [qDNA – 5H]5-  and [qDNA + 2NH 
+ 
– 7H]5- as a function of collision 
energy. Error bars represent ± 1  standard deviation from 3 experiments. Since the instrument had an 
extended mass range (m/z 32,000), it was not possible to select only m/z 1501.5 as the precursor ion (loss of 
resolution in quadrupole with decrease in frequency); all 5- ions were transmitted: [qDNA – 5 H]5-   , 
+ +
 
[qDNA + 1NH4  - 6H]5- and [qDNA + 2NH4  - 7H]5-.  As the collision energy was increased, ammonium 
+ +
 
ions were lost from [qDNA + 1NH4  - 6H]5- and [qDNA + 2NH4  - 7H]5-; at the highest collision energies, 
[qDNA – 5 H]5- dissociated to [ssDNA – 3H]3- (m/z 1251.2). 
 
 
CID experiments were also carried out using the Synapt™ ESI mass spectrometer by 
varying trap collision energies. Under these experimental conditions, the qDNA dimer 
dissociated with less collision energy applied compared to using the Q-ToF Ultima™ 
(Figure 5.8). The qDNA dimer (5- ion) was shown to dissociate to 3- and 2- ssDNA ions 
([ssDNA – 3H]3- at m/z 1251.2 and [ssDNA – 2H]2- at m/z 1877.2) when the bias was 5 V 
(Figure 5.8a and b) and the trap energy was 10 V. Under high bias conditions (10 V) 
ssDNA products were observed when the trap CE was 4 V (Figure 5.8c). Ions such as 
m/z 1877.2 ([ssDNA – 2H]2-) were not detected in CID experiments using the Q-ToF 
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Ultima™ as the extended mass analyser results in lower signal-to-noise ratio for lower 
 
m/z  values (higher charge states). Ions assigned to the dissociation of guanine from 
 
DNA ([ssDNA – G – 3H]3-  at m/z 1200.2) and  guanosine ([ssDNA – dG – 3H]3- at m/z 
 
1162.2) from the ssDNA were present when collision energies ≥10 V, regardless of bias 
voltage; however, a higher bias (10 V) promoted the losses. An ion at m/z  1471.4 
corresponding to [qDNA – G – 5H]5- is present at collision energies ≥10 V and remains 
at a low abundance, suggesting the qDNA dimer is able to lose guanine from its tetrad 
and remain as an intact dimer in the gas phase. 
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Figure 5.8 ESI-MS/MS (Synapt™) showing the dissociation of qDNA dimer (5- ions) with increasing 
collision energy voltage under different bias voltages. QDNA (red) and ssDNA dissociation products 
(black) at a  bias of 5 V with collision energy of a) 4 V and b) 10 V, and a bias of 10 V with a collision 
energy of c) 4 V and d) 10 V. 
 
 
CID and TWIMS  were combined to investigate the dissociation products of qDNA 
dimer (Figure 5.9). CE can be applied to either the trap or transfer cells (i.e. before or 
after the mobility cell, respectively) to obtain CID spectra. Increasing CE of the trap cell 
fragments the precursor ion prior to TWIMS separation, allowing the differentiation of 
fragmentation products. For example, CID of [qDNA]6-  should result in an increase in 
abundance of [ssDNA]3-. Since the dissociation product shares the same m/z  as the 
precursor ion but has a different drift time (7.9 ms for [ssDNA]3-  versus 5.5 ms for 
[qDNA]6-), the fragment (product) ions can be separated from the precursor ions by ion 
mobility. Figure 5.9a and b shows the driftscope image for the dissociation of the 
precursor ion m/z 1251.2. The lower bias voltage (10 V) was chosen to ensure there was 
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significant abundance of [qDNA]6-.  At low trap voltage (4 V) both [qDNA]6-   and 
 
[ssDNA]3-  are present as expected with drift times of 5.5 ms and 7.9 ms, respectively 
(Figure 5.9c). Increasing the trap voltage causes the loss of the [qDNA]6- species and an 
increase in the [ssDNA]3-  species. At a trap voltage of 30 V, [qDNA]6-  is completely 
dissociated into the [ssDNA]3-  product ions and further fragmentation of the ssDNA 
species has begun (Figure 5.9b). In contrast, the 5- qDNA ion can withstand greater CE 
energies (Figure 5.9e and f). The higher bias voltage (22 V) was used for the CID of the 
[qDNA – 5H]5- ion as these conditions were favoured for the simultaneous detection of 
qDNA and DNA/RNA hybrid duplex (see section 5.2.2). At a trap voltage of 4 V, some 
of the [qDNA – 5H]5-  species had dissociated into the [ssDNA]3-  product ions (Figure 
5.9e). At a higher trap voltage (30 V), the [qDNA – 5H]5-  is still detected, despite the 
higher bias voltage used. Single-stranded DNA ions were also detected at m/z  1251 
([ssDNA]3-)  and m/z  1877 ([ssDNA]2-),  with  drift times of ~7.9 ms and 17.9 ms, 
respectively (Figure 5.9f). 
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Figure 5.9 CID ESI-TWIMS drift plots collected with increasing trap voltage. A bias voltage of 10 V was 
used for the fragmentation of the m/z 1251.2 precursor ion at a) 4 V trap energy and b) 30 V trap energy 
and the corresponding drift plots for m/z 1251 at c) 4 V and d) 30 V. A bias voltage of 22 V was used for 
the fragmentation of the m/z 1501.6 precursor ion at e) 4 V trap energy and e) 30 V trap energy and the 
corresponding drift plots for at g) 4 V and h) 30 V. The drift time for ssDNA in g) and h) was of low 
resolution, but is ~7.9 ms. 
 
 
5.2.2        Gas phase stability of the DNA/RNA hybrid 
 
The ESI-MS conditions under which the equilibrium of the hybrid and qDNA dimer is 
observed required fine-tuning to allow for simultaneous detection. As the gas phase 
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stability of the qDNA dimer is sensitive to changes in ESI-MS conditions, RF lens 1 was 
 
set to 50 V for detection of samples of qDNA with excess RNA added, to determine 
condition suitability. Under these conditions, the ion at m/z 1489.9 ([DNA/RNA –5H]5-) 
was present at very low abundance (Figure 5.10b). However, qDNA and hybrid species 
can be simultaneously detected with a higher RF lens 1 voltage (65 V) (Figure 5.10a). 
Softer conditions were also unsuitable for hybrid detection using the Synapt™, with a 
lowered bias (5 V) greatly favouring the qDNA  dimer (m/z  1508.4) (Figure 5.10d). 
Although a bias of 10 V shows a greater ratio of [qDNA – 5H]5- to [qDNA +2NH 
+
-7H]5- 
(Figure 5.10c), the abundance of the DNA/RNA hybrid is the most dominant, making 
slightly more  energetic conditions more  favourable on  both Synapt™  and  Q-ToF 
Ultima™ instruments. 
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Figure 5.10 ESI mass spectra showing the effect of changing RF lens voltage and bias voltage on qDNA 
and DNA/RNA hybrid. a) Q-ToF Ultima™ spectrum of qDNA (red) with addition of excess (15 μM) 
ssRNA added to form hybrid and analysed using at RF lens 65 V and b) RF lens 50 V c) Synapt™ spectrum 
of qDNA (red) with addition of excess (15 μM) ssRNA at 5 V bias and d) 10 V bias; x refers to the number 
of ammonium ions. 
 
 
CID of the ion at m/z 1489.9 was performed using a bias of 10 V (Synapt™) as the signal- 
to-noise ratio when the bias was 5 V was not suitable for CID analysis. The hybrid 
DNA/RNA duplex dissociated to [ssRNA – 3H]3-  (m/z  1231.8), [ssRNA – 2H]2-  (m/z 
1848.4), [ssDNA – 3H]3- (m/z 1251.2), [ssDNA – G – 3H]3-  (m/z 1200.4) and [ssDNA – 
 
2H]2- (m/z 1877.2), the latter being present in very low abundance (Figure 5.11a, b and c). 
Similar to CID of qDNA, guanine loss from ssDNA occurred from 10 V. The extent of 
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DNA/RNA hybrid duplex dissociation was calculated from the sum of 2- and 3- ssRNA 
 
and ssDNA ions, including ions associated with guanine base loss (very low abundance 
internal DNA fragmentation products were excluded from calculations) (Figure 5.11d). 
As the relative abundance of DNA/RNA hybrid (blue; [DNA/RNA – 5H]5-) decreased, 
ssRNA (green; ssRNA 3- and 2- charge states) and ssDNA (orange; ssDNA 3- and 2- 
charge states including base loss) both increased in equal abundance. When the bias was 
≥20 V internal fragmentation of the ssDNA occurred, and the relative abundance 
subsequently decreased. No  fragmentation  of  ssRNA  was  detected under  these 
conditions indicating ssRNA has greater gas phase stability than ssDNA. Sources in the 
literature suggest the presence of the 2-OH group in RNA acts to stabilise the N- 
glycosidic bond and permits intramolecular proton transfer from the backbone to the 
base, limiting the loss of a nucleobase in the gas phase.366-369 
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Figure  5.11 ESI-MS/MS (Synapt™) showing the dissociation of the hybrid DNA/RNA duplex (5- ion; blue) 
to ssDNA (orange) and ssRNA (green) as a function of collision energy (V) a) 4 V b) 10 V and c) 15 V. d) 
Graphical representation of the CID of hybrid DNA/RNA  duplex. The hybrid DNA/RNA  duplex 
dissociated to [ssDNA – 3H]3-. Two charge states were present for ssRNA; [ssRNA – 2H]2- and [ssRNA – 
3H]3-, the latter in lower abundance. At higher voltages guanine was lost from ssDNA. 
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Work by Salazar et al.362 using the same oligonucleotide sequences as in this work 
 
showed, by NMR analysis, that in the presence of 100 mM K+  the DNA/RNA hybrid 
denatured upon heating (ca. 50 °C) and a qDNA structure formed. However after 4 
days, the qDNA had transitioned back to a DNA/RNA hybrid in solution. Altering the 
cation conditions to include Na+ increased the thermal stability of the hybrid (ca. 75 °C) 
and denaturation did not lead to qDNA  formation. In contrast, the current work 
suggests the DNA/RNA hybrid has a greater stability than the qDNA dimer in both the 
 
gas phase and solution phase when in 150 mM NH + (Figure 5.3). The differences in 
 
stability of the qDNA  complex between the current work and Salazar et al.362  are 
 
reasonable, given the effect of cation upon qDNA stability.90  In addition, the NMR 
experiments of Salazar et al.362  were carried out at substantially higher nucleic acid 
concentrations (5 mM DNA concentration in Salazar et al.362  versus a 500 μM DNA 
annealing concentration in the current work). 
 
5.3       Addition of RNA to qDNA dimer 
 
To investigate the equilibrium of the DNA/RNA hybrid and qDNA using ESI-MS, RNA 
was added to qDNA dimer. Mixtures were left to equilibrate at room temperature for 10 
minutes before analysis. Figure 5.12 shows the ESI mass spectrum of the qDNA dimer 
alone (Figure 5.12a) and with increasing amounts of added RNA (Figure 5.12b and c). As 
increasing concentrations of  RNA  were added to the qDNA  dimer,  the relative 
 
abundance of the qDNA ions ([qDNA – 5H]5- and [qDNA + 2NH + – 7H]5-) decreased, 
 
indicating a loss of the qDNA dimer in solution. The mass spectral data were shown 
 
graphically by summing  the abundance of qDNA 5- ions (with/without bound 
ammonium ions) and expressing them as a percentage of all 5- ions in the spectrum 
(qDNA+DNA/RNA) (Figure 5.12d). When a molar excess of RNA (> 10 μM) was added 
to the qDNA  dimer, a peak from  free ssRNA (m/z  1231.1) was present, and RNA 
concentrations surpassing 20 μM caused no further reduction in qDNA dimer 
abundance. When the solutions were left to equilibrate over 4 days, there was no change 
in the relative abundances. The mass spectral data indicate the qDNA dimer dissociates 
in solution and forms the DNA/RNA hybrid duplex upon RNA addition. 
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Figure 5.12 ESI mass spectra showing addition of RNA to dimer qDNA (10 μM) to form a DNA/RNA 
hybrid. a) qDNA alone, b) 1.7 μM addition of RNA (12rCU) c) 10 μM addition of RNA (12rCU), and d) 
relative abundances (5- ions) of dimer qDNA (red) and hybrid DNA/RNA (blue) as judged by ESI mass 
spectra. Average of 3 experiments; error bars represent  1 standard deviation. In the ESI mass spectra 
qDNA peaks are in red and hybrid DNA/RNA peaks are blue; x is the number of ammonium ions. 
 
5.4       Ligand binding to qDNA dimer and DNA/RNA hybrid 
 
There are two key factors that are important  in ligand binding  studies aimed  at 
screening ligands that bind G-quadruplexes: (i) complexation with ligand should 
increase the stability of the qDNA, and, (ii) the ligand should exhibit specificity towards 
the qDNA over duplex DNA (or in this case, the DNA/RNA duplex). Previously, 13- 
subsituted berberine derivatives have been shown to stabilise qDNA.183,184 SST29 (Figure 
3.1) was tested for its ability to selectively bind to and stabilise the qDNA dimer. Figure 
 
5.13a and c show the ESI mass spectra of qDNA dimer and DNA/RNA hybrid duplex 
alone for comparison with Figure 5.13b and d where 30 μM (3-fold molar excess) of 
SST29 was added. When 30 μM of ligand was added to the qDNA, the most abundant 
peak was from qDNA with one ligand bound and two ammonium ions (m/z  1600.4; 
 
[qDNA  +  2NH + 
 
+  1xSST29 – 7H]5-). The increase in abundance of qDNA  with 
 
ammonium ions bound in the presence of ligand, suggests the ligand stabilises qDNA 
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dimer with sequestered ammoniums remaining bound in the gas phase, as was observed 
 
for other qDNA types (see section 3.5.3). Ligand binding to the DNA/RNA hybrid 
duplex was minimal with a low relative abundance of one ligand molecule bound to the 
hybrid duplex ([DNA/RNA + 1xSST29 – 5H]5-; m/z  1581.9) (Figure 5.13d). ESI mass 
spectral data were collected at a range of oligonucleotide: ligand concentrations (1:1, 1:3, 
1:6 and 1:9) and the relative abundances of free oligonucleotide and ligand-bound 
oligonucleotide (n= 0 – 4) were calculated and normalised to the base peak in the 
spectrum (Figure 5.13e and f). Figure  5.13e shows the number of ligands bound to qDNA 
increased with ligand concentration. When a 9-fold excess of ligand was added, up to 
four ligand compounds were bound to the qDNA and the most abundant species was 
that with two ligands bound. The relative abundance of free qDNA also decreased with 
increasing ligand concentration. Comparatively, free DNA/RNA hybrid duplex 
remained the most abundant ion irrespective of ligand concentration, and a maximum 
of two ligands bound occurred at a 9-fold excess (Figure 5.16f). While these data cannot 
determine the binding affinity of ligand to qDNA, the mass spectral data indicate ligand 
specificity for the qDNA dimer over the DNA/RNA hybrid duplex. 
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Figure 5.13 Addition of 13-substituted berberine derivative SST29 to dimer qDNA (10 M) or DNA/RNA 
hybrid (10 M). a) qDNA alone, b) 30 μM SST29 mixture with qDNA, c) hybrid DNA/RNA alone, d) 30 
μM SST29 mixture with hybrid DNA/RNA; x is the number of ammonium ions in the structure; n is the 
number of ligand (SST29) molecules bound. Normalised relative abundances of qDNA-ligand (SST29) 
and DNA/RNA-ligand (SST29) complexes in 1:1, 1:3,  1:6  and 1:9 mixtures: e) qDNA-ligand (SST29) 
complexes, and f) hybrid DNA/RNA-ligand (SST29) complexes. The abundances of all ions from qDNA- 
ligand complexes (e) or DNA/RNA hybrid-ligand complexes (f)  were summed  and expressed as a 
percentage of the sum of the abundances of all the ions in the spectrum excluding the ion at m/z 1251.2 
from ssDNA if present, in mixtures containing qDNA; normalised to abundance of base peak in each 
spectrum. 
 
 
The effects of ligand binding on the conformation and thermal stability of the qDNA 
dimer and its resistance to unfolding were tested. Figure 5.14a shows the CD spectra of 
qDNA dimer with increasing concentrations of SST29. Addition of SST29 caused an 
increase in ellipticity at 295 nm and a decrease at 270 nm with two isoselliptic points at 
245 nm and 280 nm. The normalised melting profiles of the qDNA dimer with added 
SST29 are shown in Figure 5.14b. The thermal stability of the qDNA dimer increases 
from ~37 °C to ~47 °C at a 1:9 qDNA-ligand mixture. In contrast, and consistent with 
the ESI-MS results, the addition of a 9-fold molar excess of SST29 to the DNA/RNA 
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duplex had very little effect on the CD spectrum or the thermal stability of the hybrid 
 
species (Figure 5.14c and d). 
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Figure 5.14 CD spectra and thermal melting profiles of qDNA dimer and hybrid DNA/RNA in the 
presence of SST29. a) CD spectra of qDNA dimer with increasing SST29 concentration and b) thermal 
melting profiles with increasing SST29 concentrations. c) CD spectra of hybrid DNA/RNA duplex and in 
the presence of 9-fold molar  excess of SST29 and d)  thermal melting profiles obtained of hybrid 
DNA/RNA duplex and in the presence of 9-fold molar excess of SST29. Melting profiles collected at 290 
nm for qDNA and 270 nm for the hybrid complex, and normalised to show the fraction folded. 
ligand-free nucleic acid, 1:9 nucleic acid/ligand, and 1:1, 1:3 and 1:6. For thermal melting profiles of 
qDNA with SST29, 1:1,  1:3 and 1:6. 
 
 
ESI-TWIMS also showed an increase in stability for ligand-bound qDNA dimer (Figure 
 
5.15). Addition of a 9-fold molar excess of SST29 to qDNA dimer showed minimal 
ligand binding to ssDNA and a decrease in the abundance of ssDNA (cf. Figure 5.15 a 
and b) Despite using a higher bias voltage of 22 V, previously determined to destabilise 
the qDNA species, qDNA dimer in the 6- charge state was detected at low abundance 
with 1 and 2 ligands bound.  The 4- charge state of the qDNA dimer could also be 
identified in the drift plot with up to 4 ligands bound. The increase in abundance of 
qDNA ions compared with ssDNA suggests the ligand stabilises the qDNA complex in 
both the solution phase and gas phase. A full table of drift times and assignments can be 
found in Table 5.3. 
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Figure 5.15 ESI-TWIMS drift plots of qDNA dimer. a) qDNA dimer in the presence of a 9-fold molar 
excess of SST29 and b) qDNA dimer without ligand present for comparison (from Figure 5.6b). The 
spectrum was collected at a bias voltage of 22 V. Numbering denotes the number of ligands bound for 
each ion species, grouped in white brackets. 
 
Table 5.3 Drift times and assignment of ions obtained from ESI-TWIMS of qDNA dimer in the presence 
of 9-fold molar excess of SST29. 
 
Assignment Drift time (ms) Assignment Drift time (ms) 
[qDNA – 6H]6- - [qDNA – 5H]5- 7.2 
 
+1 ligand 11.7 +1 ligand 8.5 
+2 ligands 13.5 +2 ligands 8.8 
+3 ligands 14.5 +3 ligands 9.5 
+4 ligands 15.5 +4 ligands 9.9 
[qDNA – 4H]4- - [ssDNA – 3H]3- 7.9 
+1 ligand 6.4 +1 ligand 9.3 
+2 ligands 6.7 +2 ligands 10.5 
 
 
 
5.5       Addition of RNA to ligand-stabilised qDNA dimer 
 
The RNA titration experiment (refer to section 5.3) was repeated using the qDNA dimer 
treated with a 9-fold molar excess of SST29. Figure  5.16a-c shows the ESI-MS of qDNA- 
ligand with increasing concentrations of RNA. When the ligand was bound to qDNA, 
the qDNA-ligand species were more abundant than the DNA/RNA hybrid irrespective 
of  RNA  concentration. The abundance of  DNA/RNA  hybrid  with  ligand  bound 
([DNA/RNA + 1 x SST29 – 5H]5-; m/z  1585.04) was low. Figure 5.16d is a graphical 
representation of the ESI-MS data. Comparison with Figure 5.12d (when no ligand was 
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present) shows that SST29 stabilised the qDNA from unfolding and, therefore, inhibited 
 
the hybridisation of DNA with the RNA. 
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Figure 5.16 ESI mass spectra showing addition of RNA to dimer qDNA in the presence of a 9-fold excess 
of SST29. a) qDNA alone, b) 1.7 μM addition of RNA (12rCU) c) 10 μM addition of RNA (12rCU), and d) 
relative abundances (5- ions) of dimer qDNA (red) and hybrid DNA/RNA (blue) as judged by ESI mass 
spectra. Average of 3 experiments; error bars represent  1 standard deviation. In the ESI mass spectra 
qDNA peaks are in red and hybrid DNA/RNA peaks are blue; x is the number of ammonium ions in the 
structure annotated above ions in black; n is the number of SST29 molecules bound. 
 
5.6       Summary 
 
ESI-MS was successfully used to study the equilibrium between a qDNA dimer and a 
DNA/RNA hybrid duplex. CD spectroscopy showed an antiparallel qDNA dimer was 
formed from the 12GGT sequence. A DNA/RNA hybrid duplex could be formed using 
the 12GGT DNA sequence and the complementary RNA sequence. CD spectroscopy 
thermal stability studies showed the DNA/RNA hybrid duplex had a higher thermal 
stability than the qDNA dimer. 
 
The qDNA  dimer and DNA/RNA hybrid duplex could be detected using ESI-MS; 
 
however, qDNA stability was compromised for simultaneous detection of the qDNA 
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dimer and DNA/RNA hybrid duplex. ESI-TWIMS was used to follow the CID of the 
 
qDNA dimer and to confirm the presence of ssDNA. 
 
 
Additions of complementary RNA to the qDNA dimer caused the dimer to dissociate 
and form the DNA/RNA hybrid duplex, and this equilibrium could be detected using 
ESI-MS. 
 
SST29 showed binding selectivity for the qDNA dimer over the DNA/RNA hybrid 
duplex. Ligand binding increased the thermal stability of the qDNA dimer. 
Furthermore, ESI-TWIMS showed a decrease in the abundance of ssDNA upon the 
addition of ligand. SST29 showed minimal  binding to the DNA/RNA hybrid duplex, 
and there was no increase in thermal stability detected. 
 
Finally, with the binding of SST29 to the qDNA dimer, the formation of the DNA/RNA 
hybrid duplex by additions of complementary RNA to qDNA dimer was impeded. This 
suggests the stabilisation of qDNA  by this ligand may impede the hTR moiety of 
telomerase from binding to folded telomeric DNA. 
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CHAPTER 6 
 
A SIMPLE MODEL OF THE TELOMERE: 
CHARACTERISING STRUCTURE AND LIGAND 
SELECTIVITY 
 
 
 
 
6.1       Introduction 
 
Telomeric DNA is found at the ends of linear chromosomes, and is composed of a 
dsDNA region and a 3 single-stranded overhang.22-27  In mammalian  cells, the ssDNA 
component can range from  50 to 400 nt in length.27  The formation  of secondary 
structures in the ssDNA region (e.g. G-quadruplexes, t-loops and D-loops), has been 
extensively studied, with a particular focus on understanding cellular interactions and 
processes, such as telomerase binding and extension of the telomere. 
 
It has been hypothesised that the formation of G-quadruplexes may impede the actions 
of telomerase.149 Using telomeric sequences, different conformations of G-quadruplexes 
have  been  investigated  as  possible  substrates  of   telomerase.  Intermolecular 
G-quadruplexes, and intramolecular qDNA of low stability, have been identified as 
substrates of telomerase.280,281  Given the length of the 3 overhang region, efforts have 
also been made to explore the possible locations of G-quadruplex formation and the 
effects on  telomerase activity. Tang and  coworkers370  studied a series of  human 
telomeric nucleotides ranging from 4 to 7 repeats in length. The DNA strands were 
folded in K+-containing solutions and the position of the formed G-quadruplex was 
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determined using dimethylsulfate foot-printing and exonuclease hydrolysis analysis. For 
 
the 5 repeat sequence (d(TTAGGG)5), a qDNA structure can form leaving a single 
repeat at either 5 or 3 end. It was found that qDNA had a higher probability of being 
located at the distal 3 end, leaving a single-stranded telomeric repeat at the 5 end. This 
trend was also noted for the 6 and 7 repeat sequences. Furthermore, it was found that 
qDNA structures formed at the 3 end had a higher thermal stability than those formed 
internally. It was concluded that G-quadruplexes preferentially form at the 3 end of 
telomeric DNA.370   Soon after, the same group  found  that telomere extension by 
telomerase or ALT, and resolving of G-quadruplex structures required at least an 8, 12 
and 6 nt 3 tail, respectively; concluding that formation of a G-quadruplex at the distal 3 
end of the telomere may impede telomere extension.371 
 
Once in cellular senescence, the length of the 3 overhang in some cancer cell lines has 
been shown to decrease rapidly to lengths ranging from 48 – 96 nt.372 Furthermore, the 
length of the 3 overhang has implications in carcinogenesis, rather than the overall 
length of the telomere.373 Given these findings, the study of secondary structures formed 
by the 3 overhang in proximity to the dsDNA region are of particular interest. 
 
Ren et al.374 studied a telomere model consisting of a 12-mer poly-T duplex linked to the 
 
22AG telomeric sequence (d[T12AGGG(TTAGGG)3]). They found the dsDNA and the 
qDNA were able to form unaffected by the other. The Tm  values of the duplex and 
qDNA in the telomere model were determined by monitoring 260 nm in UV melting 
experiments, and compared to the equivalent isolated qDNA and dsDNA structures. It 
was suggested that the presence of the single adenine spacer between the qDNA and 
dsDNA was sufficient to allow both qDNA and dsDNA to fold correctly in the telomere 
model.374 Konig et al.375  found that G-quadruplex formation destabilised dsDNA when 
the telomere model did not include a nucleotide spacer between the two structures. 
 
This chapter uses a model telomere system composed of a dsDNA sequence (studied in 
Chapter 3) and the 22AG telomeric sequence (characterised in Chapters 3 and 4). A 2 nt 
linking sequence was used to distance the dsDNA region from the qDNA region. The 
model system was characterised using ESI-MS, CD spectroscopy and multi-wavelength 
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CD melting studies. The characterisation of these model telomere systems provides a 
 
platform to understand interactions between qDNA and dsDNA that may occur at the 
ends of  chromosomes.  Furthermore, the characterisation of  ligand  binding  and 
selectivity when applied to the model system was also investigated. 
 
6.2       Characterisation of a simple telomere model 
 
To form the dsDNA-qDNA complex a 40-mer oligonucleotide (D1a22AG) was used 
which contained a 16-mer DNA sequence for dsDNA formation at the 5 end with a 2- 
mer thymine base linker joining to the 22AG DNA sequence as the 3 telomeric tail. A 
schematic of the sequence structure and the naming of each sequence is shown in Figure 
6.1. The dsDNA sequence used (D1) was also used in Chapter 3 (section 3.3.3, pg. 57) for 
binding  selectivity studies. This sequence has a cytosine-rich strand (D1a) and  a 
guanine-rich complementary strand (D1b). To limit potential intramolecular G- 
quadruplex formation  occurring with the 5 duplex region, D1a was used linked to 
22AG, rather than D1b. When D1b is complexed with the duplex region of D1a22AG, the 
 
complex is named D122AG. 
 
 
 
D122AG 
(D1a22AG) 
(D1b) 
Duplex Region Telomeric G-quadruplex sequence 
5’-CCTCTCTGGACCTTCC-TT-AGGGTTAGGGTTAGGGTTAGGG-3’ 
 
3’-GGAGAGACCTGGAAGG-5’ 
 
 
 
 
 
 
 
 
 
Figure 6.1 Schematic representation of the dsDNA-qDNA complex (D122AG). Duplex region is shown in 
red and the qDNA-forming region is shown in blue. 
 
 
When selecting the conditions for annealing the D122AG complex three factors were 
considered: (i) the CD spectrum of the G-quadruplex, (ii) the thermal stability of the 
G-quadruplex, and  (iii)  compatibility  with  ESI-MS analysis. Deciphering complex 
spectra is one challenge when using CD spectroscopy. Assigning nucleic acid structure 
can be complex when conformational polymorphism of qDNA is expected since the CD 
spectrum produced is the sum of the spectra of the different conformations in solution. 
This disadvantage of bulk  solution analysis was exploited when  investigating the 
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D122AG complex using CD spectroscopy. Conditions were chosen to favour structures 
 
(dsDNA and qDNA) with distinct CD spectra and Tm  values so the expected elliptical 
maximum of each could be monitored separately to identify the thermal stability of each 
structure. 
 
For ESI-MS studies the D122AG complex was formed in 150 mM  NH4OAc by snap 
annealing D1a22AG in the presence of D1b. Under these conditions, the telomeric tail 
should fold into a mixed hybrid/antiparallel G-quadruplex with a Tm   of 55 °C,  as 
determined in section 3.4.2 (Chapter 3, pg. 66). The D122AG complex was also formed 
in Na+-containing solution. Although this condition is not suitable for ESI-MS analysis, 
the complex has other desirable attributes. The qDNA region is expected to form an 
antiparallel G-quadruplex of higher thermal stability (61.7 °C), and  it is also 
hypothesised to be more homogeneous in structural conformation  than the NH +- 
formed mixed hybrid/antiparallel qDNA. Furthermore, the G-quadruplex formed in 
Na+-containing solution has a CD spectrum distinct from that of the dsDNA, where the 
qDNA has an ellipticity maximum at 295 nm and the dsDNA at 275 nm. The addition of 
ligand (SST16) enhances the antiparallel signal (see Figure 4.26a, pg. 141), rather than 
causing structural rearrangement as is the case for  the mixed  hybrid/antiparallel 
structure formed in NH + solutions (see Chapter 3, section 3.5.2, pg. 80). 
 
Equimolar  concentrations of D1a22AG and D1b were annealed in  Na+-containing 
solution as described in section 2.2.2 to form  the D122AG complex. To ensure the 
duplex was not affected by a change in salt conditions (from  the 100 mM NH4OAc 
conditions described in Chapter 3, to the Na
+
-containing solution), the duplex (D1) was 
also annealed separately under the same conditions as the D122AG complex. Under 
these conditions, there was no difference in CD spectrum or thermal stability of D1. 
Figure 6.2 shows the CD spectrum of D122AG after annealing in Na+-containing 
solution (solid black line), as well as the hypothesised CD spectrum (dashed line), 
calculated as the sum of the D1 and 22AG antiparallel spectrum. D122AG shows an 
ellipticity maximum at 277 nm, a positive shoulder at 257 nm, and a negative ellipticity 
at 237 nm. This was very similar in shape to hypothesised spectrum; however, the 
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calculated spectrum did not have the positive shoulder at 257 nm. Slight variations 
 
between the experimental and the hypothesised spectrum might occur if the final bases 
of the dsDNA interact with the G-tetrad bases, and/or if either the dsDNA or G- 
quadruplex structure is annealed/folded in a secondary structure other than what was 
expected. 
 
 
6 
 
4 
 
2 
 
0 
 
-2 
 
-4 
220 260 300 340 
W avelength (nm) 
 
Figure 6.2 Measured (solid line) and calculated (dashed) CD spectra of D122AG. The estimated spectrum 
(dashed line) was calculated as the sum of the 22AG antiparallel CD signal and the D1 dsDNA CD signal 
(from Figure 6.3a). 
 
 
To investigate the thermal stability of the dsDNA and qDNA structure formed, different 
wavelengths were monitored as temperature was increased. Figure 6.3a shows the CD 
spectrum of the D122AG complex overlayed with the spectrum of the D1 duplex 
(brought forward from Figure 3.6f, pg. 59) and the 22AG basket-type qDNA (Figure 
4.25) brought forward for reference. Wavelengths A (260 nm) and C (287 nm) were 
chosen to monitor thermal stability of both dsDNA and qDNA simultaneously, as both 
structures exhibit elliptical rotation at these wavelengths. Wavelength B (277 nm) was 
the elliptical maximum of the D122AG complex, but also a wavelength to monitor 
dsDNA thermal stability as it is elliptically active at 277 nm, while antiparallel qDNA is 
not expected to contribute to ellipticity. Finally, wavelength D (300 nm) was used to 
monitor  qDNA  thermal stability alone, as dsDNA  is not elliptically active at this 
wavelength. Figure 6.3b shows the melting profiles of D122AG followed at the four 
different wavelengths, split into two graphs for clarity. A summary of the structures and 
associated thermal stabilities is presented in Table 6.1. The melting profile produced 
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when monitoring 277 nm (B) showed a two-state melting process with a Tm  of 67.3 °C 
 
(Figure 6.3b bottom, red). This is consistent with the Tm  of the D1 duplex (68.4 °C, 
Chapter  3, section 3.3.3, Table 3.2, pg. 59). The thermal stability of the qDNA structure 
was 47.0 °C (wavelength D), and the melting profile was also a two-step process (Figure 
6.3b bottom, blue). This is lower in stability than the 22AG basket-type antiparallel (61.7 
 
°C, Chapter 4, Figure 4.25, pg. 138), suggesting a different qDNA structure may have 
formed, and/or that the stability of the qDNA is affected by the adjoining dsDNA. It 
must also be considered that the addition of 5-TT between the dsDNA and qDNA may 
be a source of qDNA destabilisation as it is known  that 5 flanking sequences can 
destabilise qDNA.376  The study of the 22AG sequence with the addition of a 4 nt 
flanking sequence (5-TTTA-22AG) showed that the Tm  of the folded G-quadruplex was 
12 °C lower than its 22AG counterpart.338 For that reason, although the linking sequence 
 
is required for dsDNA stabilisation,375 it may be to the detriment of qDNA stability. 
 
 
When monitoring  both structures simultaneously, the melting profiles were biphasic 
(287 nm, C) and bell-shaped (260 nm, A), shown in Figure 6.3b grey, bottom and top, 
respectively. The Tm  values were obtained by fitting either a biphasic or bell-shaped 
curve to the data. When monitoring 260 nm, the initial rise in ellipticity represents the 
unfolding of the qDNA, which contributes a negative ellipticity at 260 nm (Figure 6.3b, 
top), and the Tm  was 46.2 °C. The subsequent decrease in ellipticity had a Tm  of 68.0 °C, 
and is consistent with the unfolding  of dsDNA. The two Tm  points for the biphasic 
melting profile (C, Figure 6.3b, bottom) were 47.0 °C  and 68.3 °C,  consistent with 
qDNA and dsDNA, respectively. At 95 °C the spectrum for D122AG had a maximum 
ellipticity at 277 nm and a minimum at 238 nm, consistent with an unfolded GC-rich 
(55%) oligonucleotide (Figure 6.3a, dashed grey line).200,377 
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Figure 6.3 CD spectroscopy and thermal stability of D122AG. a) CD spectra of dsDNA (red dashed) 
antiparallel 22AG qDNA (blue dashed), folded D122AG (grey solid) and unfolded D122AG (grey dashed). 
b) Thermal stability of D122AG monitoring ellipticity at wavelengths 260 nm (A), 277 nm (B), 287 nm 
(C), and 300 nm (D). Wavelengths A and C monitor ellipticity contributed by both dsDNA and qDNA, B 
monitors dsDNA; D monitors qDNA ellipticity only. Thermal profile A has been graphed separately for 
clarity. The black line shows the curve used to determine Tm, mathematically fitted using GraphPad Prism 
v5.04. B and D were fitted with a four-parameter fit curve, C was fitted with a biphasic curve and A was 
fitted with a bell-shaped curve. 
 
Table 6.1 Summary of CD thermal profiles from Figure 6.3. 
 
Wavelength 
(nm) 
 
A 260 
Complex 
monitored 
dsDNA 
qDNA 
 
Tm (°C) 
 
68.0 
46.2 
 
B 277 dsDNA  67.3 
 
 
C 287 
dsDNA 
qDNA 
68.3 
47.0 
D 300 qDNA  47.0 
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Single-stranded D1a22AG was also annealed under than same conditions as D122AG, to 
 
determine if the telomeric region could form a G-quadruplex structure, despite the 
 
16-mer 5 single-strand flanking sequence. The CD spectrum of folded D1a22AG is 
shown in dark blue in Figure 6.4. The spectrum exhibited a maximum ellipticity at 
260 nm, and a minimum at 238 nm. This is inconsistent with an antiparallel G- 
quadruplex, suggesting the D1a flanking sequence may be interacting with the telomeric 
region to form  alternate structures. The melting profile of this complex had a low 
thermal stability of 34.7 °C. This is consistent with previous studies showing that long 
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flanking sequences can destabilise a G-quadruplex.376 The temperature-dependant CD 
 
spectra showed an increase in ellipticity at 295 nm as the temperature was elevated from 
 
25 – 55 °C (Figure 6.4 dark to light blue). At higher temperatures ellipticity decreased 
and the final spectrum (95 °C,  dark red) had a positive ellipticity at 277 nm and a 
negative ellipticity at 238 nm, and was similar in shape to the unfolded D122AG complex 
(Figure 6.3a, grey dashed line). 
 
4 
1 25 
 
35 
Tm 
2 45 
0 55 
25 50 75 
Temperature (°C) 65 
0 75 
 
85 
 
95 
-2 
240 270 300 330 360 390 
Wavelength (nm) 
 
Figure 6.4  CD spectra of single-stranded D1a22AG snap annealed in Na
+
-containing solution with 
increasing temperature. A spectrum was collected every 10 °C from 25 °C (dark blue) to 95 °C (dark red). 
Inset shows the thermal melting profile following ellipticity at 260 nm. 
 
 
The thermodynamic properties of D122AG are summarised in Table 6.2. The ΔH for the 
duplex component of D122AG (-507.0 kJ.mol-1) was more negative than that of D1 
(-490.6 kJ.mol-1); however, this was compensated by a more positive ΔS for D1. The ΔG 
values for D1 (-68.7 kJ.mol-1) and the duplex component of D122AG (-69.0 kJ.mol-1) are 
similar, indicating the formation  of the G-quadruplex does not impede duplex 
formation. This suggests a 3 nt (5 - TTA) distance between the duplex region and the 
first guanine of the qDNA region is sufficient spacing to permit the formation of the 
duplex. In comparison, work by Konig et al.375 studied the formation of dsDNA (16-mer) 
with a 3-tail of a modified telomeric sequence (5 -(G3T2)3G3- 3) without any linking 
nucleotides between dsDNA and qDNA components. They found that in the presence 
of a formed G-quadruplex, the ΔH and ΔG of the duplex DNA both became more 
positive (i.e. less favourable). Furthermore, they also noted a decrease in the Tm  for the 
duplex region.375 
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Tm (°C) 
D1c 68.4 
(D1)22AGd 67.3 
22AGe 61.7 
D1(22AG)f 47.0 
D1a22AG 34.7 
 
 
 
 
 
The formation  of the antiparallel G-quadruplex was hindered by the presence of 
 
dsDNA. There was little difference in ΔH values between 22AG (-245.2 kJ.mol-1) and the 
qDNA component of D122AG (-246.1 kJ.mol-1); however, the ΔS was more negative for 
the qDNA  of  D122AG (-769.8 J.K-1.mol-1)  compared  to 22AG (-732.8 J.K-1.mol-1). 
Although the qDNA component of D122AG can form at 37 °C (ΔG of -7.5 kJ.mol-1  at 
310 K), it is far less favoured than the formation of 22AG, with a ΔΔG of +10.6 kJ.mol-1. 
This is reflected in the lower thermal stability of the qDNA component of D122AG 
compared to 22AG. Finally, the folded D1a22AG (absence of complementary duplex 
strand) indicated a low thermal stability for the qDNA. The ΔH for the structure formed 
was -253.2 kJ.mol-1, similar to that of 22AG; however, the ΔS was more negative (-819.9 
J.K-1.mol-1), and the ΔG was positive (+1.0 kJ.mol-1), indicating the formation of qDNA is 
not favoured at 37 °C, under these conditions. Although the long 5 flanking sequence 
destabilised qDNA formation, the annealing of the flanking region into dsDNA partially 
negates the destabilising effect, allowing qDNA to form. 
 
Table 6.2 Thermodynamic properties of the antiparallel qDNA formed from the 22AG or F21T sequence. 
 
ΔH 
(kJ.mol-1) 
ΔS 
(J.K-1.mol-1) 
ΔGa 
(kJ.mol-1) 
ΔΔGb 
(kJ.mol-1) 
-490.6 -1361 -68.7 - 
-507.0 -1431 -69.0 -0.3 
-245.2 -732.8 -18.0  - 
-246.1 -769.8 -7.5 +10.6 
-253.2 -819.9 +1.0 +19.0 
Brackets signify the structure monitored. aΔG calculated at 310 K. bΔΔG calculated as the difference between 
ΔG of 22AG qDNA and F21T qDNA .c Calculated from thermal melting profile of D1 annealed in Na
+
- 
containing solution. d Monitoring the duplex region (277 nm). e Brought forward from Chapter 4, Table 4.5. 
f Monitoring the qDNA region (300 nm). 
 
The formation  of the D122AG complex could be followed  using CD spectroscopy. 
Adding increasing amounts of D1b to Na+-annealed D1a22AG caused the ellipticity 
maximum at 260 nm to shift toward 283 nm (Figure 6.5). A positive shoulder at 257 nm 
appeared with the addition of a 0.6-molar equivalents of D1b (12 μM), and a saturation 
point was reached with the addition of 0.8-molar equivalents (16 μM) with no further 
change in the CD spectrum recorded (Figure 6.5 light red – dark red; cf. Figure 6.3a, 
solid grey). CD melting profiles of the final complex indicated Tm  values equivalent to 
those reported in Table 6.1. The change in CD spectrum suggests the formation  of 
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duplex DNA is favoured over any pre-formed secondary structures in the D1a22AG 
 
complex. Furthermore, the formation of the antiparallel qDNA in the telomeric region 
occurred upon the addition of D1b. This indicates that the ‘trapping’ of the C-rich 
duplex region allows the telomeric region to fold upon itself, rather than forming other 
potential  secondary  structures through  Watson-Crick base pairing  between  the 
telomeric and duplex region. 
 
6 
 
 
4 
 
 
2 
 
 
0 
 
 
-2 
 
 
-4 
220 240 260 280 300 320 340 
W avelength (nm) 
 
Figure 6.5 CD spectra following addition of D1b (0 – 20 μM) to 20 μM of D1a22AG. Spectra coloured by 
concentration of D1b added:     0 μM,       4 μM,       8 μM,       12 μM,       16 μM and      20 μM. 
 
 
Negative ion ESI-MS was used to determine strand stoichiometry of the D122AG 
 
complex. For MS analysis, the D122AG complex was formed by snap annealing DNA in 
 
150 mM NH4OAc, as described in section 2.2.2, page 35. The ESI-MS conditions for the 
Ultima™, listed in Table 2.3 (pg. 39), were optimised to detect ions associated with the 
complex. The best resolution spectra were obtained by increasing the RF lens 1 voltage 
from 55 V to 90 V. Figure 6.6 shows the spectrum acquired under these conditions. The 
most abundant ion (m/z 2485.2) corresponds to [D122AG – 7H]7-. The complex is also 
detected in lower abundance in the 8- and 6- charge states (m/z  2174.5 and 2899.6, 
respectively). Some 16-mer ssDNA (D1b), complementary to D1a22AG, was detected at 
m/z 1254.3 and 1672.5 ([D1b - 4H]4- and [D1b - 3H]3-, respectively). The observation of 
ssDNA prompted a titration of D1a22AG with lower concentrations of D1b to determine 
an appropriate D1b to D1a22AG ratio. Despite CD spectra indicating a saturation point 
of D1a22AG with 0.8 molar equivalents of D1b (Figure 6.5), using ESI-MS with nucleic 
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acid ratios less than 1:1, ions associated with both D1a22AG and D1b were present in the 
 
spectrum. It must also be considered that under these ESI-MS conditions (relatively 
high RF lens 1 voltage), the ionisation efficiency of D1b may be greater than single- 
stranded D1a22AG, or the D122AG complex, and as such, may not be reflective of the 
ssDNA abundance in solution. Ions were detected corresponding to the loss of a 
guanine base from the ssDNA, signified by an asterisk in Figure 6.6. At lower RF lens 1 
voltages, base loss was not detected for the ssDNA, suggesting that increasing the RF 
lens 1 from 55 V to 90 V promotes the loss of guanine. Base loss was also detected for the 
D122AG complex in the 8- charge state. Furthermore, ions corresponding to the loss of 
a guanine base and the adjoining deoxyribose-phosphate group were detected for the 
D122AG complex in the 7- charge state (denoted by a square in Figure 6.6). This 
fragmentation pattern was also present in spectra of single-stranded D1a22AG. A lower 
RF lens 1 voltage may prevent base fragmentation; however, it could not be used to 
detect the D122AG complex (or the single-stranded D1a22AG). 
 
 
 
 
 
 
100 
[D122AG - 7H]7- 
 
 
 
 
% 
 
[D1b - 4H]4- 
 
 
 
[D1b - 3H]3- 
[D122AG - 8H]8-  
 
 
 
 
[D122AG - 6H]6- 
0 
* * * 
1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 
 
Figure 6.6  Negative ion ESI mass spectrum of D122AG annealed in 150 mM  NH4OAc. The most 
abundant ion corresponds to [D122AG – 7H]7-. Some (apparent) excess ssDNA is present in the 4- and 3- 
charge states ([D1b - 4H]4- and [D1b - 3H]3-).  The peaks with an asterisk (*) correspond to the nucleic acid 
species directly to the right, with the loss of a guanine. The   corresponds to the loss of a guanine and 
phosphate backbone from D122AG in the 7- charge state. 
 
 
Snap annealing  D122AG in NH4OAc solution for ESI-MS analysis is expected to 
produce a mixed hybrid/antiparallel qDNA in the telomeric DNA region (Figure 6.7a, 
blue dotted). The CD spectrum of D122AG under these conditions was very similar to 
the calculated spectrum, which is the sum of dsDNA and the mixed hybrid/antiparallel 
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qDNA (cf. Figure 6.7a solid black with black dashed line). The stability of the qDNA 
 
complex was 42.0 °C (300 nm, C), and 70.7 °C for duplex region (277 nm, A) (Figure 
 
6.7b). The qDNA complex was less stable than the mixed hybrid/antiparallel qDNA 
formed  from  22AG (42.0 °C  compared to 55.0 °C,  Chapter 3, Figure 3.9, pg. 66); 
however, the duplex (higher Tm in Figure 6.7b, B) was slightly higher in thermal stability 
compared to D1 annealed under the same conditions (70.7 °C  compared 68.4 °C, 
Chapter 3, Figure 3.6, pg. 59). A summary of the wavelengths, associated structure and 
Tm values are in Table 6.3. 
 
a) b) 
A B C 
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5 
 
3 4 
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
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Figure 6.7 CD spectroscopy and thermal stability of D122AG annealed in NH 
+
-containing solution. a) 
CD spectra of dsDNA (red dotted) mixed hybrid/antiparallel 22AG qDNA  (blue dotted), measured 
spectrum of folded D122AG (black solid) and calculated spectrum of D122AG (black dashed). b) Thermal 
stability of D122AG monitoring ellipticity at wavelengths 277 nm (A), 287 nm (B), and 300 nm (C). Under 
these conditions, wavelength A monitors ellipticity largely contributed by dsDNA, B monitors both 
dsDNA and qDNA ellipticity, and C monitors qDNA only. 
 
Table 6.3 Summary of CD thermal profiles from Figure 6.7. 
 
Wavelength 
(nm) 
Complex 
monitored 
 
Tm (°C) 
 
A 277 dsDNA  70.7 
 
 
B 287 
dsDNA 
qDNA 
70.7 
42.0 
 
C 300 qDNA  42.0 
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6.3       Ligand binding to DNA linked with G-quadruplex 
 
The naphthyl substituted ligand (SST16) was chosen for ligand binding studies with the 
D122AG complex. This ligand showed a 2:1  and 3:1  binding  stoichiometry 
(approximately equal abundance) to the mixed hybrid/antiparallel qDNA in ESI-MS 
(refer to Chapter 3, Figure 3.28, pg. 94), and although up to 3 ligands bound to dsDNA 
were detected, ligand-free DNA was the most abundant (refer to Chapter 3, Figure 3.3, 
pg. 53). Furthermore, SST16 did not increase the thermal stability of dsDNA (Chapter 3, 
Table 3.2, pg. 59) but increased thermal stability of antiparallel 22AG by 17.3 °C in FRET 
melting assays (Chapter 4, Table 4.6, pg. 140) and to ~63 °C  in CD melting assays 
(Chapter 4, Figure 4.28, pg. 143). ESI-MS, CD spectroscopy and FRET competition 
assays were used to analyse ligand binding to the D122AG complex. 
 
6.3.1        ESI-MS characterisation of ligand binding to a duplex-linked qDNA 
 
D122AG annealed in NH +-containing solution was used for ESI-MS ligand binding 
studies. Figure 6.8 shows the negative ESI mass spectra for D122AG with increasing 
concentrations of SST16 and Figure 6.10 provides a summary of the binding profile of 
SST16 for D122AG in comparison to dsDNA and mixed hybrid/antiparallel qDNA. 
 
In the 1:1 mixture of SST16 and D122AG one ligand bound to D122AG was detected, but 
ligand-free DNA remained the most abundant peak. For the 1:3 mixture, the most 
abundant peak was DNA with one ligand bound, detected in the 6-, 7- and 8- charge 
states. Ligand binding to ssDNA was detected for the 1:6 and 1:12 mixtures at low 
abundance, and at the highest SST16 concentration, the total relative abundance of D1b 
and D1b+SST16 was only ~12%. Furthermore, the total relative abundance of D1b and 
D1b+SST16 ranged from ~12 – 13 % for all mixtures, suggesting SST16 had either no 
stabilising effect on the dsDNA component in the gas phase or that the presence of 
ssDNA in the spectra may be contributed by an excess of ssDNA in solution, for which 
the ligand has a low binding affinity. A maximum of 6 ligands (at very low abundance) 
bound  to D122AG was  observed for  the 1:12  mixture,  with  a favoured  binding 
stoichiometry of 4:1. 
Part II - Chapter 6: A simple model of the telomere 
226 
 
 
+1 
 
 
 
[D122AG - 7H]7 
 
100 
D122AG : [SST16] 
[D122AG - 8H]8- 
1:0 
 
% 
[D1b - 4H]4- 
 
 
0 
[D1b - 3H]3- 
 
 
 
[D122AG - 6H]6- 
 
 
100 
1:1
 
 
 
% 
 
+1 +1 
 
0 
 
+1 
100 
1:3 
+2 +2 
 
% 
 
+3 
+3 
 
0 
 
+1 +2 
 
 
100 
 
 
 
% 
 
+1 +1 
0 
+2 
+3 +3 
+2 
 
 
+4 
+1 +4   +1 
 
+5 
 
1:6 
 
 
 
 
 
+2 +3 
 
 
100 
 
 
 
% 
 
 
 
0 
 
 
 
 
 
 
+1 +1 
+4 
+3 
+3 
+4 
 
+5 
+2 
+5    +2 
+1 +1 
+6 
 
 
 
 
 
 
 
+3 +4 
 
1:12 
1000 1500 2000 2500 3000 3500 
 
Figure 6.8 Negative ion ESI mass spectra of D122AG with increasing concentrations of SST16. Ions in 
blue are [D122AG + x ligand – 8H]8-, those in red are [D122AG + x ligand – 7H]7- and those in black are 
[D122AG + x ligand – 6H]6-. Also shown in black is ssDNA ([D1b + x ligand] in 3- and 4- charge states) 
with up to one ligand bound. 
 
 
As was observed for SST16 binding to the other ammonium-stabilised G-quadruplexes 
(see Chapter 3, Figure 3.26, pg. 92 and Chapter 4, Figure 4.12, pg. 118), the binding of 
ligand resulted in an increase in the abundance of ions corresponding to ammonium- 
bound DNA. Figure 6.9 is the ESI mass spectrum of D122AG with 12-molar equivalents 
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of SST16, focusing on the 7- charge state to highlight the distribution of ammonium- 
 
bound D122AG. At this ligand concentration the most abundant peak was m/z 2769.2 
 
([D122AG + 4xlig + 1NH + 
 
-  8H]7-) followed  by m/z  2698.9 ([D122AG + 3xlig + 
 
1NH + 
 
- 8H]7-).   Furthermore, the abundance of the ammonium-free  D122AG-SST16 
 
ligand complexes decreased with the increase in ligand concentration. This is consistent 
 
with SST16 binding to the mixed hybrid/antiparallel qDNA, the parallel qDNA (Chapter 
 
3, Figure 3.26, pg. 92) and the tetramolecular 7GGT qDNA (Chapter 4, Figure 4.12, pg. 
 
118). Given that ligand binding does not stabilise ammonium-bound dsDNA (Chapter 3, 
Figure 3.2, pg. 52), the increase in abundance of ammonium-stabilised D122AG is most 
likely associated with internalised NH + ions in the qDNA region. 
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Figure 6.9 Negative ion ESI mass spectrum of D122AG with 12-molar equivalents of SST16 focusing on 
the 7- charge state. The number of ligands bound is annotated above the associated peak, and the number 
of NH 
+ 
ions bound is annotated directly above each ion. 
 
 
The separate binding profiles of SST16 to dsDNA and qDNA was compared with the 
distribution of ligand binding on the D122AG complex (Figure 6.10).The binding profile 
of D122AG shows a similar pattern to that of the qDNA (22AG), but is shifted to favour 
the addition of an extra ligand molecule. For example the binding of SST16 to mixed 
hybrid/antiparallel qDNA showed 3:1 and 2:1 as the most favoured binding 
stoichiometry with close to equal relative abundance. In comparison, a 4:1 and 3:1 
binding stoichiometry was favoured for the D122AG complex. Given that a 1:1 binding 
stoichiometry is the more favoured of the ligand-bound dsDNA, it is possible that a 4:1 
binding stoichiometry for D122AG is the total of 3 ligands bound to the qDNA region 
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and 1 ligand bound to the dsDNA region of D122AG, assuming the D122AG is folded 
 
into the same dsDNA and mixed hybrid/antiparallel qDNA structures. This binding 
distribution would be more probable than qDNA and dsDNA with 2 ligands bound to 
each region. For D122AG to accommodate up to 6 ligands bound, it could be a ligand 
distribution of 4 ligands bound to qDNA and 2 bound to dsDNA, and/or 5 ligands 
bound to qDNA and 1 bound to dsDNA. These binding stoichiometries were however at 
low abundance and may represent alternate (non-specific) binding modes. 
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Figure 6.10 Summary of ligand binding to D122AG, as detected by negative ESI-MS. Summaries of ligand 
binding to dsDNA and mixed hybrid/antiparallel 22AG bought forward for comparison (Figure 3.3, pg. 53 
and Figure 3.28, pg. 94, respectively). The abundance of ligand-bound DNA is assessed by calculating the 
abundance of each ion as a percentage of the sum of the abundances of all ions in the spectrum. 
 
 
6.3.2        Characterisation of ligand binding selectivity in the solution phase 
 
FRET-based assays and CD spectroscopy were also used to characterise the binding of 
SST16 to D122AG. Selectivity of SST16 for qDNA over dsDNA was probed using FRET- 
based methods to investigate potential binding competition between the duplex and 
qDNA regions of D122AG. CD spectroscopy was used to determine the changes in 
thermal stability of D122AG in the presence of SST16. 
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6.3.2.1       Investigating SST16 binding selectivity through competition assays 
 
Despite showing binding by ESI-MS, SST16 did not increase the thermal stability of 
dsDNA as judged by CD spectroscopy (Chapter 3, Table 3.2, pg. 59). This could indicate 
either poor binding affinity for dsDNA, or that the binding mode/interaction between 
SST16 and dsDNA offers no additional stability to the dsDNA. FRET competition assays 
can be used to investigate binding selectivity of SST16 for dsDNA or qDNA. A dsDNA 
sequence (ds26, not fluorescently-labelled) was added as the competitor to mixtures 
with folded F21T (Table 2.1) and ligand. If the ligand selectively stabilises the G- 
quadruplex over the dsDNA competitor, then there should be no difference in ΔTm 
values between F21T+ligand mixtures and F21T+dsDNA+ligand mixtures. The 
following assays were performed by MLB in the laboratory of Dr. Jean-Louis Mergny 
using the materials and methods described in section  2.6.1. Using this method, melting 
profiles were obtained of F21T (antiparallel, basket-type qDNA)  and FdxT (hairpin 
duplex, see Table 2.1, pg. 34) in the presence of SST16. Figure 6.11 shows the normalised 
FRET melting profiles of F21T and FdxT with SST16, and Table 6.4 shows a summary of 
the Tm  values obtained. Under these conditions, F21T had a Tm  of 49.2 °C,  which is 
6.6 °C greater than measurements conducted in our laboratory (see Chapter 4, Figure 
 
4.25, pg. 138). The binding of SST16 increased thermal stability of F21T by 7.8 °C (Tm = 
 
57.0 °C)  (Table 6.4) compared  with  13.1   °C  (Tm    =  54.6 °C) at the same ligand 
concentration (9 μM)  using our conditions (Chapter 4, Figure 4.26, pg. 141).  In 
comparison, the thermal stability for the dsDNA (FdxT) remained ~63.6 °C upon the 
addition of ligand, indicating SST16 as a poor dsDNA binder, supporting CD thermal 
stability data of SST16 with a different dsDNA sequence (D1) in our laboratory (Chapter 
3, Table 3.2, pg. 59). 
Part II - Chapter 6: A simple model of the telomere 
230 
 
 
F
ra
c
ti
o
n
 f
o
ld
e
d
 
F
ra
c
ti
o
n
 f
o
ld
e
d
 
 
 
 
a) b) 
 
1 1 
 
 
Tm  Tm 
 
 
0 
25 50 75 
Temperature (°C) 
 
F21T 
 
 
0 
25 50 75 
Temperature (°C) 
 
FdxT 
 
Figure 6.11 Normalised FRET thermal melting profiles. a) F21T in Na
+  
solution with the addition of 
SST16. b) FdxT with the addition of SST16. For the FRET thermal melting profiles, ligand-free qDNA, 
1 μM, 3 μM, 5 μM, 7 μM and 9 μM. 
 
 
 
 
Table 6.4 Summary of Tm  values obtained from the addition of SST16 to F21T, conducted by MLB in the 
laboratory of Dr. Jean Louis-Mergny. 
 
Tm (°C) 
 
 0 μM 1 μM 3 μM 5 μM 7 μM 9 μM 
F21T 49.2 50.4 52.2 54.8 56.0 57.0 
FdxT 63.6 63.8 63.7 64.2 64.0 63.6 
 
 
 
 
For competition assays, different concentrations of unlabelled dsDNA (ds26, see Table 
 
2.1, page 34) were added to F21T mixtures with and without ligand present. The addition 
of competitor had minimal  effect on the thermal stability of F21T, with fluctuations in 
Tm  being ≤1.5  °C (Figure 6.12). Furthermore, there was little variation in Tm  upon the 
addition of 7 μM of SST16, between the mixtures with and without competitor present. 
In the absence of competitor the ΔTm  was 5.4 °C (Tm  = 56.0 °C ), and in the presence of 
10 μM of dsDNA the ΔTm was also 5.5 °C (Tm  = 55.8 °C). The ΔTm values obtained in the 
competition assay were slightly lower compared to those of the competitor-free assays 
(Figure 6.11); however, the Tm  values for F21T with 7 μM of SST16 were ~56 °C in both 
assays. It can be concluded that SST16 is a selective binder for antiparallel F21T, given 
that the thermal stability of SST16-bound qDNA is unaffected by the presence of a 
dsDNA competitor; therefore, SST16 bound to dsDNA (detected by ESI-MS), has a 
weaker binding affinity than SST16 bound to the antiparallel qDNA structures. 
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Figure 6.12 The difference in T   between 0 and 7 μM of SST16 added to F21T in Na
+
-containing solution, 
in the presence of competitor (ds26) at 0, 3 and 10 μM concentration. The ΔTm  is calculated as the 
difference between the Tm  of F21T with (7 μM) and without (0 μM) ligand present for the different 
concentrations of  competitor.  The error bars represent the standard error of  the mean  from  2 
experiments. 
 
 
6.3.2.2       CD spectroscopy of ligand bound to a duplex-linked G-quadruplex 
 
The selectivity of SST16 for the antiparallel basket-type qDNA over dsDNA, suggests 
ligand binding should increase the stability of the qDNA region of D122AG without 
affecting the thermal stability of the linked dsDNA. Figure 6.13 shows the CD spectrum 
and thermal melting profiles of D122AG with increasing concentrations of SST16. The 
ellipticity at 295 nm and 238 nm increases with additions of ligand. Furthermore, the 
shoulder at 257 nm becomes more pronounced, and a minimum develops at 265 nm. A 
negative ICD band appears at 360 – 370 nm for ligand mixtures of 1:9 and 1:12 (Figure 
6.13a). These changes in the CD spectrum are consistent with SST16 binding to the 
antiparallel, basket-type qDNA as seen in Chapter 4, Figure 4.26, page 141. Thermal 
stability of the qDNA region was monitored at 300 nm, and showed an increase in Tm 
with the addition of SST16 (Figure 6.13b). By following the unfolding at 300 nm, the 
melting curve exhibited two-state unfolding, in comparison to those obtained using CD 
spectroscopy with 22AG folded in Na+  and following unfolding at 295 nm (Chapter 4, 
Figure 4.28, pg. 143). 
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Table 6.5 shows a summary  of the thermodynamic  properties of the qDNA  with 
 
increasing concentrations of SST16. At the highest SST16 concentration (1:12 mixture) 
 
the thermal stability of the qDNA was 63.2 °C (ΔTm  = 16.2 °C). 
 
6 
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W avelength (nm) 
 
Figure 6.13 CD spectra and normalised CD thermal melting profiles (inset) of D122AG with increasing 
concentrations of SST16 (1:1 – 1:12). For the CD spectra, dark blue signifies ligand-free D122AG, grey is 
increasing concentrations of SST16 and dark red is the final ligand concentration (1:12). Arrows indicate 
the increase in ellipticity at 235 nm and 295 nm bands and the appearance of a negative ICD at 365 nm. 
Melting profiles were obtained at a fixed wavelength of 300 nm. For the CD thermal melting profiles 
(inset),     ligand-free qDNA,      1:1,       1:3,        1:6,        1:9 and      1:12. 
 
 
The unfolding  of the SST16-D122AG complex (1:12 mixture) was also monitored at 
 
277 nm  to determine if the ligand stabilized the dsDNA  region. By following  this 
wavelength, a bell-shaped melting profile was obtained (Figure 6.14). CD data were 
fitted with a bell-shaped model to calculate the two Tm  values, 62.2 °C and 69.4 °C, the 
latter most likely reflecting the dsDNA region. This is a 2.4 °C  increase in thermal 
stability from ligand-free D122AG at 277 nm; however, it is within 1 °C of the melting 
temperatures (~68 °C)  obtained for the dsDNA region when monitoring  other 
wavelengths (Table 6.1). The first melting point (62.2 °C) in the bell-shaped profile, is 
close to the Tm  obtained for the qDNA region at the same SST16 concentration (63.2 °C, 
Table 6.5), consistent with the initial rise in ellipticity being the result of the qDNA 
region unfolding. 
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Figure 6.14 CD spectroscopy melting profile of D122AG in the presence of 12-fold molar equivalents of 
SST16. Melting profile obtained by monitoring 277 nm. 
 
 
In the case of the qDNA  region of D122AG, the addition of ligand decreases the 
magnitude of ΔH and ΔS, thereby increasing the magnitude of ΔG. Furthermore, the 
ΔΔG values indicate a “saturation point” for the 1:6 mixture, with only small changes (< 
0.7 kJ.mol-1) in ΔΔG for the 1:9 and 1:12 mixtures. The ΔG for the 1:12 mixture (-16.0 
kJ.mol-1) is nearing that of ligand-free qDNA (-18.0 kJ.mol-1, Table 6.2), indicating that 
the addition of SST16 counteracts the free energy cost of adding the duplex region in 
D122AG. 
 
There is little change in the thermodynamic profile of the duplex region of D122AG with 
the addition of ligand. There is a small decrease in magnitude of ΔH and ΔS; however, 
the ΔΔG (-0.1 kJ.mol-1) is negligible. 
 
Table 6.5 Summary of thermodynamic properties obtained by CD spectroscopy monitoring 300 nm for 
the qDNA region, and 277 nm for the dsDNA region of D122AG with the addition of SST16. 
 
SST16 
mixture 
Tm 
(°C) 
ΔH 
(kJ.mol-1) 
ΔS 
(J.K-1.mol-1) 
ΔGa 
(kJ.mol-1) 
ΔΔGb 
(kJ.mol-1) 
qDNA region 
0 47.0 
 
-246.1 
 
-769.8 
 
-7.5 
 
- 
1:1 51.3 -159.9 -490.8 -7.8 -0.3 
1:3 56.5 -206.6 -627.1 -12.2 -4.7 
1:6 58.9 -221.3 -664.4 -15.3 -7.9 
1:9 60.8 -195.6 -581.6 -15.3 -7.9 
1:12 63.2 -196.6 -582.5 -16.0 -8.6 
dsDNA region 
0 67.3 -507.0 -1431 -69.0 - 
1:12 69.4 -486.6 -1341 -70.9 -0.1 
aΔG calculated at 310 K. bΔΔG calculated as the difference between ΔG of D122AG qDNA/dsDNA  and 
ligand-bound D122AG. 
Part II - Chapter 6: A simple model of the telomere 
234 
 
 
 
 
 
 
The minimal  increase (~1 – 2 °C) in thermal stability and ΔΔG (-0.1  kJ.mol-1) of the 
 
dsDNA region in conjunction with the greater increase (16.2 °C) in thermal stability and 
ΔΔG (-16.0  kJ.mol-1) of the qDNA region, supports the FRET-based competition assays, 
indicating that SST16 is a selective antiparallel qDNA-stabilizing ligand. Binding profiles 
obtained by ESI-MS (Figure 6.10) suggest SST16 is able to bind to the dsDNA region, but 
such binding does not substantially affect the thermal stability, thus supporting that it 
has a weak binding affinity for dsDNA. 
 
6.4       Summary 
 
CD spectroscopy has been used successfully to monitor  the thermal stability of a 
complex nucleic acid structure, composed of a dsDNA region linked to an antiparallel 
telomeric qDNA region. By using a multi-wavelength approach, CD melting of the 
dsDNA, qDNA or both regions can be characterized with respect to their stability and as 
an indication of their correct folding. 
 
The D122AG complex was successfully detected in the gas phase using ESI-MS. By 
comparing ligand binding profiles of the D122AG complex with 22AG and D1 binding 
profiles, the binding distribution between dsDNA and qDNA regions can be 
hypothesized; SST16 binds with a 3:1  binding  stoichiometry with qDNA, and a 1:1 
binding stoichiometry with dsDNA. 
 
Using FRET competition assays, SST16 was identified as a selective stabilizing ligand for 
antiparallel qDNA. This was supported with CD melting assays of the SST16-D122AG 
complex indicating ligand stabilizing the qDNA region substantially better than the 
dsDNA region. 
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PART III 
 
CONCLUSIONS AND FUTURE DIRECTIONS 
 
An overarching goal of this thesis was to determine the ligand binding specificity of a set 
of  berberine derivatives for  different  conformations  of  nucleic acids. A  current 
anticancer strategy is to target the telomere through qDNA stabilisation. This requires 
finding  qDNA  specific ligands, and further, ligands that are specific for different 
conformations of qDNA. 
 
Towards identifying qDNA/conformation-specific ligands, conditions were ascertained 
to form  different structural types of qDNA. In this work, a set of conditions was 
optimised to form qDNA structures of the human telomeric sequences to permit ESI- 
MS analysis. It was found that an intramolecular parallel G-quadruplex 
(d[AGGG(TTAGGG)3]) could be formed in NH4OAc solutions, and that the formation 
of such a structure was dependent on DNA  concentration. By lowering the DNA 
concentration, intramolecular hybrid/antiparallel qDNA  structures of lower thermal 
stabilities were favoured. Intermolecular, four-stranded qDNA (d(TTAGGGT)4) could 
 
be formed  in  NH4OAc  in  the presence of Sr 
 
as a stabilising cation. All  three 
 
conformation types could be detected using ESI-MS. Furthermore, possible structural 
 
intermediates for the tetramolecular qDNA (a trimer and hexamer) were identified 
using ESI-TWIMS. 
 
More commonly studied G-quadruplexes, such as the antiparallel, basket-type qDNA 
and the hybrid-type qDNA were also characterised (d[AGGG(TTAGGG) ] in Na
+
- and 
K+-containing solution, respectively). ESI-MS analysis was  not  a  viable tool  for 
characterising these structures given the requirement of high Na+  or K+  concentration. 
Rather, techniques such as CD spectroscopy, FRET and MD simulations were used to 
characterise and compare these structures with those formed in ammonium acetate 
solutions. 
 
A set of berberine derivatives was selected and categorised by their 13-substitution: the 
alkyl-substituted ligands (SST12 and SST26), the aromatic-substituted ligands (SST16 
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and SST29), and a non-13-substituted ligand (SST41) that had one of two methoxy 
 
groups of berberine replaced with an alcohol. The derivatives were compared for their 
ability to bind to the aforementioned qDNA structures. Where applicable, ESI-MS was 
used to determine the stoichiometry of ligand binding to the different conformations of 
nucleic acid. CD spectroscopy and melting studies were used to determine the changes 
(if any) upon ligand binding in the thermodynamic properties of the nucleic acids. It 
was found that the 13-substitution aids in structure selectivity between dsDNA and 
qDNA. Furthermore, increasing the alkyl chain length, and aromaticity, increases the 
binding affinity to qDNA structures. SST41 (non-13-substituted berberine) exhibited a 
broad binding profile for all structures tested, as judged by ESI-MS. In comparison, the 
alkyl-substituted derivatives (SST12 and SST26) preferred a 2:1,  or lower, binding 
stoichiometry. The aromatic-substituted ligand  SST16, favoured  a  3:1  binding 
stoichiometry for all qDNA, whereas SST29 favoured 2:1, or lower. Although ESI-MS 
showed that all ligands bound to some extent to dsDNA, CD spectroscopy thermal 
stability measurements indicated the thermal stability of dsDNA did not increase in the 
presence of SST26 and SST16. Increases in  thermal stability were of the greatest 
magnitude with ligand binding  to intramolecular parallel qDNA. Furthermore, the 
magnitude  of ΔH  for qDNA  formation  was significantly more negative (i.e. more 
favourable) upon ligand binding for all ligands. Based on MD simulations of ligand 
docked to parallel qDNA, this increase in magnitude of ΔH is most likely a result of 
end-stacking, stabilising the G-tetrad. 
 
CD spectroscopy also identified a change in conformation with ligand binding to the 
mixed hybrid/antiparallel qDNA, with the binding of most ligands giving rise to a 
spectrum similar to that of an antiparallel, basket-type qDNA. SST16 and SST26 were 
the best binders of the mixed hybrid/antiparallel, increasing the Tm   by ~17 °C.  An 
antiparallel form with good thermal stability, is of particular interest as this structural 
type has been shown to impede telomerase activity.280  Furthermore, SST26 and SST16 
were good binders of the antiparallel, basket-type qDNA, increasing thermal stability 
and decreasing the ΔG of qDNA  formation. Given this, SST16- and SST26-bound 
qDNA are good candidates for future testing as telomerase inhibitors. 
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Docking and MD simulations were also completed to study the interactions between 
 
ligand and the antiparallel qDNA. It was found that the dissociation/association events 
of ligand from/to G-quadruplex correlated well with thermal stability data. For example, 
SST29 was a poor binder of antiparallel qDNA compared to SST16 and SST26. The MD 
simulations for these complexes showed multiple dissociation/association events for 
SST29, whereas SST26 remained bound  to the antiparallel qDNA  throughout the 
simulations. Furthermore, MD simulations were a better representation of the solution 
phase results than the docking calculations. It would be of great interest to undertake 
MD simulations for the dsDNA and the hybrid-form qDNA docking experiments, to 
better represent ligand binding  to these structural forms. With future increases in 
computing power, extending the simulation time into the millisecond time scale will no 
doubt become a possibility. Such computational advancements may be better suited to 
simulate changes in DNA structure upon ligand binding, aiding in drug design and 
development. 
 
ESI-MS was also used to characterise simple models for the nucleic acid structures that 
may be found within the cell. Telomere extension is a key factor in cancer cell survival 
and in 90%  of cancer cells this process is achieved using telomerase. This process 
requires the binding of the telomerase RNA unit to single-stranded telomeric DNA. 
Optimisation of ESI-MS parameters enabled the detection of a DNA/RNA hybrid 
duplex,  modelled  after the telomerase/telomere system. An  antiparallel, dimeric 
G-quadruplex was tested for its ability to inhibit the binding of the RNA component, 
thus inhibiting  DNA/RNA  hybrid  duplex formation.  An equilibrium  between the 
G-quadruplex and DNA/RNA hybrid was detected with ESI-MS, and the qDNA was 
unable to impede the hybrid duplex formation. The binding of SST29 was selective for 
the qDNA structure and increased its stability. Furthermore, it did not alter the thermal 
stability of the DNA/RNA duplex. The formation of the DNA/RNA hybrid duplex was 
significantly impeded by ligand-stabilised qDNA. This assay can be modified to test 
other qDNA structures, such as the antiparallel basket-type. Using ESI-MS to determine 
the population of species at equilibrium is fast and sample-conscious. It has potential as 
a ligand screening tool to identify ligands that may disrupt telomerase-nucleic acid 
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interactions. This screening tool could be used prior to telomerase assays that require 
 
radiolabelled DNA which is costly and presents potential hazards. 
 
 
A model of telomeric DNA which contained a dsDNA component and a G-quadruplex 
component was investigated to better imitate the possible structures found at the ends of 
chromosomes. Using a multi-wavelength approach, CD melting assays were able to 
differentiate between the dsDNA and the qDNA component, finding that the qDNA 
stability was lowered when in proximity to the dsDNA region. FRET competition assays 
were used as another method to characterise ligand selectivity, showing that SST16 was 
highly selective for the antiparallel, basket-type qDNA  over dsDNA. The binding 
stoichiometry of SST16 for the telomere model indicated that 3 ligands bound to the 
qDNA  and 1  to the dsDNA  region. Furthermore, the ligand stabilised the qDNA 
component without altering the stability of the dsDNA of the telomeric DNA model. 
Recently, a crystal structure was solved of parallel qDNA linked to dsDNA.378  The 
qDNA was formed from  a modified  telomeric sequence. The structure identified a 
potential ligand binding pocket between the dsDNA and qDNA region. Analysis of the 
region  suggests the pocket may  be able to bind  di- and  trisubstituted acridine 
molecules.378 This model could be used in future work as a starting structure for docking 
and MD simulations to investigate the binding of the berberine derivatives. 
 
Ligands that stabilise qDNA can be used to probe telomerase activity. Some of the 
berberine derivatives used in this work, such as SST16 and SST26, increased the stability 
of qDNA structures, and showed selectivity for qDNA over dsDNA. These ligands could 
be used in assays to stabilise qDNA structures in the presence of telomerase. The direct 
telomerase activity assay using purified  human  telomerase, (developed by our 
collaborators)379  can be used to infer  processivity and  the activity of telomerase. 
Processivity is a measure of the number of telomeric repeats added to the substrate per 
association/dissociation of telomerase, whereas activity is a measure of the number of 
substrates extended by telomerase. Telomerase activity is observed by visualising the 
addition of [α32P]-dGTP to the substrate. Figure 7.1 is an example of a direct telomerase 
assay using linear (unfolded) telomeric DNA investigating the effect of K+ concentration 
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on the activity and processivity of telomerase to extend a linear telomeric sequence. 
 
Each triplet band represents the addition of one telomeric repeat (TTAGGG). In this 
particular example, increasing the K+  concentration caused a decrease in telomerase 
processivity (indicated by fewer triplet bands at higher molecular weights (Figure 7.1). 
Using this style of assay, the berberine derivatives described in this work could be used 
as qDNA-binding ligands, testing different ligand-qDNA species as potential inhibitors 
of telomerase activity. 
 
No Cation 
 
K+ 
 
 
 
Loading Control 
 
 
 
 
Increasing 
Molecular Weight 
 
 
 
 
 
 
 
2 x TTAGGG      
repeat added 
 
1 x TTAGGG      
repeat added 
 
 
 
Figure 7.1 A direct telomerase assay using human telomerase with a linear telomeric DNA substrate and 
increasing concentration of K
+
.          Increasing concentration of K
+ 
(50 – 250 mM). 
 
 
Ligands that discriminate between dsDNA and qDNA have the potential to be used to 
understand other biological processes. The stabilisation of a qDNA  structure may 
impede the binding of shelterin, or potentially disrupt t-loop formation. For example, 
POT1 (a subunit of shelterin) is known to resolve G-quadruplex structures allowing 
telomerase extension;380 therefore, selectively stabilising G-quadruplexes of different 
conformations with ligand could be used to probe the resolving functions of the POT1 
subunit. 
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Recently, the study of quadruplex RNA, such as those formed by the TERRA sequence, 
 
has become an area of interest. Telomere elongation is thought to up-regulate TERRA 
transcripts which may have implications in telomerase regulation.348,349,381  Studying the 
binding of the berberine derivatives with these structures could be of future biological 
interest. 
 
For the berberine derivatives to be effective as potential anticancer agents, studies need 
to be conducted to determine if the ligands are able to enter mammalian  cells and bind 
to DNA within the nucleus. Such experiments are currently being undertaken by our 
collaborators at the Children’s Medical Research Institute (Westmead, Australia) using 
another berberine derivative not described in this work. Cell culture assays combined 
with results obtained from direct telomerase activity assays will be used to investigate 
the role of telomerase in cell carcinogenesis. 
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